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Chapter 5
NUCLEAR RADIATION PHENOMENA

INTRODUCTION
As described in Chapter 1, one of the
spacial features of a nuclear explosion is the fact
that it is accompanied by the emission of nu-
ciear rachiations. These radiatiens consist of
gamma rays, neutrons, beta particles, and a smal!
proportion of alpha particles. Most of the neu-
trons and part of the gamma rays are emitted
during the actual fission or fusion processes (see
paragraphs 1-1 and 1-2, Chapter 1). The re-
mainder of the gamma rays are produced in var-
jous secondary nuclear processes, including
decay of the fission products. The beta particles
are also emitted as the fission products decay.
Some of the alpha particles result from the nor-
mal radioactive decay of the uranium or pluto-
nium that does not fission in the weapon, and
others are formed during the fusion reactions
(pgragraph 1-2).

As a result of the nature of the phenom-
ena associated with a2 nuclear explosion, it is
convenient to consider the nuclear radiations as
being divided into two categories; initial and
residual. The line of demarcation is somewhat
arbitrarv. but it is generally accepted to be
«Uoui | minute after the explosion. The initial
nuclear radiations consequently refer to the radi-
ations emitted within 1 minute of the explosion.
These radiations are discussed in Section I of
this chapter. The residual radiations are further
subdivided into neutron induced activity, which
results from neutron activation of the earth be-
low an air burst, and fallout, which is the deposi-
tion of radioactive residues following a surface
or near-surface burst. These latter two forms of
nuclear radiation are discussed in Sections Il and
111 of this chapter, respectively.

The ranges of alpha and beta particles
are stort, and they can be neglected in the con-
sideration of initial radiation. The beta particles,
however, may be a hazard to personnet if fallout
particles are in contact with the skin for pro-
tracted periods of time. The beta particles
emitted by radioactive debris from high altitude
explosions also may cause intensz patches of
ionization in the atmosphere that can interfere
with, or disrupt, radio or radar communications
as described in Chapter 8.

SECTION 1

INITIAL NUCLEAR
RADIATION -

From the standpoint of total energy de-
livered, the principal sources of initial nuclear
radiation (that delivered within 1 minute) are
prompt neutrons (those emitted simultaneously
with the fission or fusion events), gamma rays
from the decay of fission products, and (ir: the
case of an atmospheric burst) secondary gamma
rays from nevtron interactiors with nuclei of
the air and ground. Sources of lesser importance
from the standpoint of energy deliversd are de-
layed neutrons emitted by some fission prod-
ucts, secondary gamma rays from neutron inter-
actions with *ae materials of the device, and
gamma r1ays that are emitted simultanecusly
with fission. These latter components normally
may be neglected in predicting total doses or
exposures; however, the gamma components
may be important for electromic compoenents
whose vulnerability is determined by dose rate
rather than total dose.
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61 Neutron Source -

As mentioned previously, the neu-
trons of interest originate during the fission and
fusion processes, The neutron source of interest
is that which exists at the weapon case, i.e., the
source of interest consists of those neutrons that
escape from the exploding weapon. Both the
n.mber of neutrons and their. spectrum are alter-
ed during transit through the weapon materials.
Thus, the source of interest may be quite differ-
ent from the source of origin (fission or fusion).
The neutron source can be defined properly
only by considering the actual design of a spe-

.cific weapon. No average source can be defined

that will represent mcst weapons with any
degree of accuracy. It is beyond the scope of
this manual to describe the output of a suffi-
cient number of weapon types to present the
user with adequate information concerning the
neutron output for any possible specific situa-
tion. The examples that are presented in suc-
ceeding paragraphs are truly examples and
should not be taken to be representative for pur-

poses of generalization. Further information
concerning nuclear weapons as neutron scurces
may be obtained from “Status of Neutron and
Gamma Output from Nuclear Weapons,” DASA
2567 (see bibliography). On the other hand, the
curves shown in Figures 5-9 through 5-13 that
provide the total dose to persorninel on or near
the surface of the earth were calculated for eight
specific sources. It is believed that, with the de-
scriptions of the eight sources provided in Table
5-3, one of the eight sources may be selected
that will represent a reasonzble estimate of the
total dose to personnel on or near the surface of
the earth for most situations.

Table 5-1 shows the spectra for two
weapons, one pure fission and one thermonu-
clear, for which calculations are available.*
These spectra are also shown in Figure 5-1 and

5-2.
*As mentioned before, the spectra
own 1 Table 5-1 should not be construed as

‘ﬁ'hueq:emuethogﬂutwmwdhﬂ:ealcuhﬁanof

dose to personael from weapon types [ and VHI, respectively.
a3 thown ie Figures 59 through 5-13.

Table 5-1, ' Weapon Neutron Qutput Spectra .

Neutron Energy Fission Weapon Thermonuclear Weapon
MeV) (neurrons/kt) (neutrons/kt)
122 -150 162 x 102
100 -122 853 x 102
8.18 -10.0 732 x 102 6.08 x 10?!
636 - 818 127 x 10% 546 x 10°!
406 - 636 3.00 x 10?2 641 x 10%!
235 - 406 890 x 102! 122 x 102
1.11 - 235 252 x 102 284 x 102
0.111 - 1.11 384 x 102 6.18 x 102
0.0033- 0.111 222 x 102 171 x 108
Total * 997 x 1022 3.16 x 1023
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being representative.

however will vary with weapon design ever for
«€apons thh the same total neutron output per
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They are merely examples.

52 Exoatmospheric {Vacuum)
Transport

Neutron environments are completeiy
specified by the description of the source and
the distance from the source to the point of
interest if the explosion occurs in a vacuum. If
an explosion occurs sufficiently high that essen-
tizlly vacuum conditions prevail, it is designated
an exoatmospheric explosion. Since in any case,
the vacuum will be less than perfect, the distinc-
tion between exoatmospheric and endoatmo-
spheric explosions will depend on the degree to
which effects vary from those predicted for a
vacuum.

For perfect vacuum condmona, the neun-
tron Lluence is given by

v

N,
p = n/cm?
4nR?

where N, is the total number of neutrons emit-
ted by thc weapon and R is the distance in centi-
meters. Under these conditions the spectrum
will remain constant, since no interactions can
take place in a vacuum. However, as a result of
the cnergy differences the flux (neutrons cm™
sec’! ) will be a function of the distance from the
source, ie., the more energetic neutrons will
argve ghead of the less energetic ones. The
energies associated with neutrons produced by
nuclear explosions are sufficiently low compared

to their rest mass energy that their velocities
may be determined from their kinetic energy

by non-telativistic mechanics, ie.,

.I_MV2 =

2 KE,

where M is the neutron mass, 1.67 x 10724 gm, v
is the velocity, cm/sec, and K.E. is the kinetic
energy in ergs. Using the relationship

1 MeV = 1.6 x 10 ergs,

the velocity is related to the kinetic energy in
MeV as follows

1.38 x 10° \/K.E. (MeV) cm/sec,

<
]

1.38 x 10% \/ KE. (MeV) km/s=c.

Thus the velocities of 14 MeV, 4 MeV, and 1
MeV neutrons are

v

1.38 x 10* \(14 = 516 x 10* km/sec,
1.38 x 10* \/4 = 276 x 10* km/sec,
1.38 x 10* \/1 = 1.38 x 10* km/sec.

Via

Vs

Y1

Expressed in 2 different manner, the times of
flight will be 19.3, 36.2, and 72.4 a sec/km for
the 14 MeV, 4 MeV, and 1 MeV neutrons, re-
spectively. Thus, although the spectrum will
remain unchanged, the neutrons will arrive at
points several kilometers from the explosion
over periods of tens of microseconds.

53 Neutron Tronsport Through
Materials

Neutrons undergo three main types of
reactions when traversing matter: elastic scatter-
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ing; inelastic scattering; and capture. In the elas-
tic scatiering process, the neutron interacts with
the nucleus of an atom and is scattered away
from its original line of flight. If the nucleus is
light (e.g., the proton that constitutes a hydrogen
nuclews), the neutron may transmit a significant
amount of its energy to the nucleus, and the
scaticiad Liutron will be less energetic than the
incident neutron. If the nucleus is heavy, how-
ever, the energy transmitted to the nucleus will
be insignificant, and the neutron will continue
in d@ new direction with essentially the same
energy as before the collision. In the inelastic
scattering process, the neutron interacts with the
nucleus with the subsequent emission of a gamma
fay and a neutron with degraded energy. There

" are a variety of capture reactions, most of which

result in the subsequent emission of a charged
particle (generally a proton or alpha particle)
and/or a gamma ray. When the reaction results
solely in the emission of a gamma ray, it is
generally referred to as a radiative capture reac-
tion. As a rule, the probability for capture reac-
tions is small compared to elastic and inelastic
scatiering when the neution energy exceeds a
few keV. The nuclei remaining after neuwtron
capture are frequently radioactive. The fission
process described in paragraph 1-1 is a special
case ol neutron-induced reactions. Neutrons that
do not undergo any of the reactions described
above will decay into a proton and an electron
with a half life of about 12_.8 minutes. The same
is true of neutrons that undergo scattering, if
they do not undergo some other reaction prior
to decaying The probabilities of the various reac-

. tions are such that the decay process is most
important for neutrons traveling upwards ftom a '

relatively high altitude burst. -

The primary reactions that occur during
neutron transport through air are elastic scatter-
ine. inelastic scattering, and capture by nitrogen

nuclei. These latter two reactions provide a

source of secondary gamma rays that can be

important in some cases, as will be discussed in
subsequent paragraphs.
The neutron snvironment produced by
nuclear explosions within the atmosphere are
much more compiicated than those described in
paragraph 5-2 for =xoa’mospheric cases because
of the interactions :hat take place with the
atmospheric constituents. Even for a monoener-
getic source the interactions described above
alter the total neutron fluence that reaches 2
given range, result in a spectral distribution at
that point, and change the time rate and direc-
tion of arrival at the point. As a result of scatter-
ing, the neutrons may arrive at a given point
from any direction. If the source consists of a
spectrum such as those shown in Figures 5-1 and
5-2, the situation is even more complex. In prac-
tice, the calculation of neutron fluences, fluxes,
and spectra at some point distant from an endo-
atmospheric nuclear explosion, or for the in-
terior of a system that is operating exoatmo-
spherically, is performed by complex computer
codes. It is Deyond the scope of this manual to
provide the means for calculating all of these
quantities or even to provide a description of the
methodology. The latter is contained in Volume
HI of the “Weapons Radiation Shielding Hand-
book,™ DASA 1892-3 (see bibliography). Select-
ed examples of the change in fiuence and spec-
trum will be provided in succeeding parzgraphs
and figures.

An extensive set of tabulated results of
computer caiculations of neutron fluxes and

" doses is contzined in “Time-Dependent Neutron

and Secondary Gamma-Ray Transport in an Air-
Over-Ground Geometry,” ORNL-4289, Vol. II,
(see bibliography). These data were used to ob-
tain the spectra that would result from the
source spectra shown in Figures 5-1 and 5-2 at
slant ranges of 390, 1,050, and 1,500 meters.
The resulting spectra are shown in Figures 5-3
and 54, respectively. Note that the spectra in
Figures 5-3 and 54 show 4r (slant range)® x
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fluence. This does not mean that the spectra will
be the same in all directions. The spectra shown
in Figures 5-3 and 54 only apply to low air
bursts and to rargets Iocated on or near the sur-
Jace of the earth. The units for the ordinates in
Figures 5-3 and 54 were chosen to allow a con-
venient visual comparison with Figures 5-1 and
5-2, respectively. Inspection of Figures 5-1
through 5-4 indicates that the shape of the fis-
sion source spectrum is not changed appreciably
aunng tranatr through 1,500 meters of air (the
relative abundance of extremely low energy neu-
trons, much lower energies than shown in Fig-
ures 5-1 through 54, will increase, Rowever).
The shape of the thermonuclear spzctrum, on
the other hand, does change ac the neutrons
penetrate air. The peak that exists at 14 MeV at
the source becomes lower relative to the total,
and the valley betweenr about 8 and 12 MeV at
the source becomes filled in as the higher energy
neutrons are degraded to the 8 to 12 MeV range.
Figuree 5-5 and 5-6 show the neutron
uence for a receiver located on or near the sur-
face of the earth as a function of slant range for
the source spectra shown in Table 5-1. The
flaence is shown for each of the energy intervals
in Table 5-1. The total number fluence for neu-
tron energies above 3.3 keV -is also shown for
each source. Once again the user is cautioned
that these fluences should not be considered
renrecantative They are presented as illustrative
zizmmples. Changes in weapon design will change
the source spectrum, and this will modify the
spectrum as well as the total number fluence at
some distance from the explosion. Figures 5-5
and 5-6 also illustrate the large change in the
spectral characteristics of the thermonuclear
spectrum when compared to the variations in
the fission spectrum with slant range.
The preceding paragraphs have provided
25 of neutron fluences and spectra from
low air bursts for detectors on or near the sur-
face of tbe ground. The presence of an air-

ground interface can increase or decrease the
neutron intensities by as much as an order of
magnitude compared to- intensities at corre-
sponding distances in an infinite air medium as a
result of reflections and absorption by the
ground. For source detector separation distances
less than a mean-free path,* localized reflection
from the ground generally tends to increase the
intensity of high energy neutrons; however.
initial nuclear radiation is only of interest :
very low yields at such short distances since
other wezapon effects normally will be dominant.
At Jonger distances, the high energy neutron
intensity may be reduced by a factor of five or
more compared to infinite air when both the
source and the detector are at the ground sur-
face. These effects have been included in the
calculations from which the preceding figures
were derived.

The estimation of neutron environments
arou, an endoatmospheric nuclear explosion
for receivers away from the surface of the earth
requires a knowledge of the atmospheric proper-
ties along any path that a neutron might traverse
from the weapon to the point of interest. Al-
though atmospheric properties can change from
day to day and from place to place, most calcu-
lations are based on a standard atmosphere such
as the one described by the National Bureau of
Standards in 1962. The important atmospheric
constituents that affect neutron transport are

Fraction by
Weight
Nitrogen 0.7553,
Oxygen 0.2318.

. A mean-free path is the distance in which the rzdiation
inlensity is decreased by a factar of e, where ¢ is the base of the
patural logarithms (about 2.718). The jength of a mean-free path
depends on the neuwon energy ind on whether only the direct
fluence or the total (direct plus scattered) fluence is being
considered.

&7



L 1L 1 1Ll

b Y
Het1=rt=4 | Tirteb=t—49 % ppepepepeaty || ikl it i1 73]

2 % T t % b

(M/u) 3ININTS L6 =¥ .

o

LRI AR L) mirrvr i mirrruor r mryrir i LA m m
SN SRS SO PR |
: R N MR e i ey " I
- N 1" i I 1 3 ,mW -
- n 1 2 L&5i
nE | ' R
o= i ——- ¢ (514
= 2~ 11 m W1mm
- _ | _ b § S
[ | | £2>
-a.w ;
773
g
3

$x 107

' ’

e e bde el den b ene o T L o - | i 2 | NEE RN E B R SR T R T ] [ L ey

o —



-

UL AL - T RT R T T P

Bobe
w ewn e

10— RILEELL) HEN I SRR R B
- (O =
- : -
e = - —
vl i .
o~ ] —
[}
I i
10 = v =
= - 3
— . e—— : -
b | ' -
1 l—o E -
e I H -
]

- I (I R

. ] l

=l

= " J N :
- = .:
- = 1 -
[ ¥ = l 1 —

z 1
w — I -

2 ]
P — i '

(TS | 1

[ 4 oy i
. O H——
= SLANT RANGE L 1
— (metars) =
[ ——— 3% = ]
- —_—— 1050 i}

— 1500 |

<0 |
to® = = 13
= =
| -

10" R I R EET
0.1 1 o 20
NEUTRON ENERGY {MaV)

Figure 5-4. ! Spectra from the Thermonuciear Source

of

igure 5-2 with the Receiver On or
Near the Surface of the Earth

at Various Slant Ranges -



o cgtss- s i ot vy,

-

\

FLUENCE (n/cm*)

(o g

'oll

10*

10*

107

SLANT PANGE (me%ers)

(o] 400 800 1200 1600 2000
| I —
3 =
- -
\3\ CURVE MaV |
3 1 ®I8- «100 3
~ 2 63 - EIn =
- 3 4cs - 836 -
— 4 235 - &0t -
| S L - 23s -
\ \ T eoos - oun
5 X 8 00033-100 ——
\\ \\.
: \\5
Ny
= E
; —
E \ ]
- -
| - \ 2
: \ 3
N Ny ]
. 1 1 1 | 1
o 400 800 1200 1600 2000 2400
SLANT RANGE (yards}
Figure 5-5. Neutron Fluence IncCident on & Receiver

Located On or Near the Surface of the
Earth from the Fission Spectrum Shown
in Table 5-1 and Figure 5-1 .

ot



SLANT RANGE {meters)
o 4C0 800 1200 1600 2000
I N N Y N TN

- 0° \ CURVE Mav

LILILALL

L Lii

= 1 122  ~150 o
— 2 wo -122
N 3 818 =-100 _
4 €36 - 818
— \ 3 406 - 636 —
€ 233 - 406
10 7 141 - 238 _ |
= 8 O.1r - 1.4 E
S 9 0.0033- 0.1 I
= \ 0 00033-130

10"

T T

_(_‘\
FLUENCE (n/c¢m’)
68
T o
//
A2,
oy
AV 44

%
[4
A~

7
/

o N\

3 w\ - 3
- 3
- 3 -
) -
IO' 1 1 1 ] 11 1
(o] 400 800 1200 1600 2000 2400

SLANT RANGE (yards)

Figure 5-6, - Neutron Fluence Incident on a Receiver
Located On or Near the Surface of the
. Earth from the Thermonuclear Spectrum
Shown in Table 5-1 and Figure 5-2 -

-

5-11



Other minor components of the atmasphere can
be rieelected without serious loss of accuracy.
The other principal feature of the stand-
ard atmosphere is its variation in density with
aititude. The density, p, falls approximately ex-
ponentially with increasing altitude, as is shown
in Table 5-2. Also shown is the quantity of air
above a given aititude, k&, which is given by the

alidisy alete ki

q(h) = f P(h')dh'.
B

Table 5-2 also shows the density normalized to

the sea level density, p,, -
# If two points are at-altitudes k, and k,

.and are separated by a horizontal distance, d.
then the slant range R is given by

R= Va® + @, - b))

and the mass integral between them is given by

qR) = f ph')ds’ = R
o

(U) This expression reduces to

Q(hz) - Q(hl)
h, - A,

q(R) = q(hy) - q(h))
when d = 0 and (in the limit) to
qR) = p(h)R

when ki, =k, (the coaltitude case).*

If the air is characterized by an atomic
density p; for each important constituent, then

"The value of the mass integral as a function of altitude is
shown in Figure £-17 for various coaltitude separation distances.

Table 5-2. ‘ The Standard Atmosphere -

- Mass Integral Density
Altitude Air Density Above Altitude Nomnalized
(1) (g/cm®) (glem?) to Sea Level (plp,)
12250 x 103 10331 x 10° 1.0000 x 10°
5 1.0556 x 1073 85967 x 10% 8.6170 x 10!
10 90477 x 107 7.1059 x 102 73859 x 107!
20 65312 x 107 47525 x 102 53316 x 1071
30 45904 x 104 3.0749 x 102 3.7473 x 107!
40 3.0267 x 104 1.9305 x 102 24708 x 1071
50 18756 x 10 1.1973 x 102 15311 x 107!
60 1.1628 x 10 7.4292 x 10! 9.4919 x 102
70 7.1742 x 105 46182 x 10! 58565 x 102
80 44174 x 10 28855 x 10! 3.6060 x 102
90 2.7391 x 10°3 18151 x 10! 22360 x 102
512
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for every centimeter that a aeutron traverses,
there are p; atoms of that type within a cross
=sectional area of one cm? with which the neu-
tron can interact. The probability that any reac-
tion (elastic or inelastic scattering or neutron in-
duced reaction) will occur is given in termsof a
cross section L (so called because it has units
of area), which is the probability of a given
interaction () taking place with a given type of
atom () under the condition that one interac-
tivnn per unit area is possible. The probability of
intsraction per centimeter is therefore u =
P;0; o Since this is also the probability that a
neutron disappears from the incident beam, the
bteam intensity falls by a factor e’#* after having
penetrated a distance x into the material. It is
often convenient to express the penetration in
terms of the total amount of material “seen™ by
a beam of neutrons, px, where p is the mass
density of the matenial. In this case, the mass
attenuation coefficient x = u/fp is used. Thus, in
the endoatmospheric case, the neutron fluence
at a point depends not only on the spherical
divergence described in paragraph 5-2. for the
exoatmospheric case but also on exponential
attenuation, so that

No e XPR
0 = nfem?,
4rR?

whare & is the radial distance from the source in
centimeters and N, is the total number of new-
trons emitted.

It is frequently convenient to replace the
quantity oR by the meass integrz]l g(R) described
above, so that the equation for fluence becomes

Noe"qm) .
¢ = ————— nfcm?.
4zR?

This procedure is known as mass integral scaling.
Notice that g will be different for different di-

rections of R urless the atmoesphere is essentiaily
tniform, so that contours of constant fluence
usually are not spherically symmetric about the
burst point, although they usually are cylindri-
cally symmetric about a vertical axis wunless
asymmetries are introduced by the weapon.

The expressions given above, however,
only represent the component that reaches the
point directly from the source. Scatiered neu-
trons also reach the point from other directions.
The result is that the fluence at that point is
larger by a buildup factor B. The magnitude of B
depends on the distance from the scurce, the
energy spectrum of the neutrons, snd the prop-
erties of the scattering materinl in complex
ways. The flux of neutrons (neutrons/cm?-sec)
is altered as a result of the fact that scattered
neutrons travel ionger paths and neutrons of any
given energy will arrive at the point over a finite
time span cven after undergoing only elastic
scatterings. This alteration of the flux with dis-
tance is in addition to the alteraticns resulting
from differences in time of flight of different
energy neutrons discussed for exoatmospheric
transport in paragraph 5-2, and further altera-
tions will result from the changes in the spectral
distribution during endoatmospheric transport.
Moreover, the value of the mass attenuation co-
efficient x varies with neutron energy so that
even the direct fiuence must be calculated by
weighting monoenergetic calcuialions by the
spectral distribution. For a given penetration dis-
tance, this weighting process can be replaced by
using an effective x, but the value of the effec-
tive x will change with distance as a result of
spectral changes.

In practice, the most accurate method
for calculating neutron fluences uses computer
codes with accurate neutron cross-section for
each energy group and each scattering or interac-
tion process, This technicue is alsc essential for
following neutrons out of ihe direct fluence as
well as for calculating the flux. It is beyond the

5-13
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scope of this manual to provide methods for cal-
culating all of these quantities. Moreover, the
vulnerability criteria of electronic components
and systems to neutrons that are given in Sec-
tion VII of Chapter 9 and in Section IV of
Chapter 14 are given in terms of fivence 10
keV fission). While these vulnerability criteria
imply a knowledge of the spectrum, the calcula-
tion of 1he spectrum at the point of interest for
any situation would require more information
concerning scurce spectra than is provided
herein. Therefore, the following discussion will
be limited 1o the calculation of total number
fluence for low altitude (deep) erdoatmosgheric
bursts. It should be noted that the calculations
of the curves shown in Figures 5-3 through 5-6
- did make use of the results of computer calcula-
tions, and these curves are accurate representa-
tions of the spectra shown in Table 5-1 at vari-
ous distances from an explosion. They are, how-
ever, limited to low air bursts and receivers on or
near the surface. Likewise, the calculations of
neutron dose presented in a later subsection are
asec on computer code transport calculations.
Low altitude (deep) endoatmospheric
explosions are the next simplest case — after
vacuum detonatinns — because the air density is
sufiiciently high that most of the attenuation
nrenre cloce to the burst point. Therefore, there
are no large variations in density to affect criti-
cally the computation of fluences. In particular,
the density of air through which the scattered
neutrons geach a given point does not differ
greatly from that through which the direct neu-
trons penetrate. Although whether or not alti-
tudes are low (explosions are deep) depends on
" the energy spectrum of the weapon, if deep
endoatmospheric conditions do prevail, the neu-
tron fluence can be approximated by mass inte-
gral scaling. The total quantity of air (the mass
integral) between the source and the point of
intaract ¢ cnmputed as described above, and
then the appropriate buildup factors are applied

514

to the vacuum fiuences calculated for the given
energy spectrum as deccribed in paragraph 5-2.
Examples of such calculations are provided

below.
ﬁ No simple analytic expression gives the
build-up factor, but Figure 5-7 shows the build-
up in neutron fluences for various monoener-
getic neutron sources. The curves in Figure 5-7
are based on Monte Carlo transport calculations
in uniform air. Use of the curves in Figure 5-7
will provide reasonably accurate results up to
burst altitude of about 60 kilofeet. The build-up
factors in Figure 5-7 may be used wi.h some-
what less confidence up to burst altitudes of 85
kilofeet. The effects of a non-uniform atmo-
sphere become significant above 85 kilofeet, and
computer calculations should be made for each
burst altitude and spectrum of interest for burst
altitudes between 85 and 200 kilofeet. It is
beyond the scope of this manual to provide neu-
tron environments for bursts in this altitude
regime. For bursts above about 200 kilofeet, the
vacuum calculations described in paragraph 5-2
may be used. Note thai the build-up factors in
Figure 5-7 are given as fractions of the vacuum
fluence.
The source energy intervals used in the

onte Carlo calculations from which the curves

in Figure 5-7 were derived are shown below:

Nominal Source Source Energy
Energy Iaterval
(MeV) MeV)
14,1 125 -150
100 90 -125

75 60 - 90
40 30 - 60
13 07 - 30
05 03 - 0.7
0.1 0.09- 03
0.03 0.01- 0.09

- It is unfortunate that the source energy
intervals used in the Monate Carlo calculations

@
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differ from those shown in Table 5-1. However,

. many different sonrce energy intervals will be

found in reported weapon spectra. Most of the
reportzd spectra will contain a uniform distribu-
tion {neutrons per MeV) within ari energy band;
however, some will contain an uneven distribu-
tion for the lower energies, e.g., 1/energy for
energies below 0.1 MeV, In any case, it generally
wil} be possible to divi-; the spectrum into ener-
gy groups that correspond roughly to those used
in the preparation of Figure 5-7. Interpolation
between the curves in Figure 5-7 shonld not be
attempted; the spectral intervals should be ad-
justed to use the curves.
As an example of the use of Figure 5-7,
nsider a hypothetical weapon with tie follow-
-ing spectrum:

Nominal Sowrce

Energy Neutrons
(MeV) per kt
14.1 123 x 1022
10.0 300 x 104!
75 380 x 10!
4.0 1.36 x 1022
13 425 x 192
05 1.72 % 102
0.1 274 x 1022
003 824 x 1022

lotal . 202 x 1083

Assume that the neutron number fluence coalti-
tude at a distamce of one mile from a 1 Mt
explosion of such a weapon at a burst altitude of
60,000 fect is desired. The distance in centi-
metersis

1 (mile) x 1.609 x 105 cm/mile
= 1.609 x 10° cm.

The vacuum fluence, ¢, for each of the mono-

energetic neutTon sources, No I is

N N_. N,

v oi ol

2zR’? 4z(1.609x 10°) 3.25x 101

5-16

e.g., for the 14.1 nominal source energy, the
vacuum fluence is

_ (1.23 x 1022 n/kt) (10° kt/M1)
a1 = T
325 x 10

Yoy = 378 x 10'3 njem?.

In the same manner. the vacuum fluences for
remaining source energies are determined to be

Nominal Source Vacuum
Energy Fluence
MeV) (n/cm?)
14.1 378 x 1083
10.0 922 x 1012

75 1.17 x 1003
40 4.18 x 1013
13 131 x 101
05 529 x 1043
0.1 842 x 1013
0.03 253 x 10M
Totzl 622 x 10M

From Table 5-2, the ambient air density at 60
kilofeet is 1.1628 x 10* gm/cm3. The mass
integral at a coaltitude distance of one mile is

qR) = p(M)R,
q(R) = (1.1628 x 10*)1.609 x 10%),
q(R) = 18.7 gm/cm?.

From Figure S5-7, the build-up factors corre-
sponding to traversal of 18.7 gm/cm? are

Nominal Source Build-Up Factor
Energy (fraction of
. (MeV) vacuum fluence)
141 20
100 20
15 1.15
40 19
13 s
05 sQ
0.1 5.6
003 §2

—
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. 7 _The meuiron fluences in air are obtained by
. .multiplying the vacuum fluences by the build-up

-factors:
Nominal Source Neutron Fluence
- - Energy in Alr
(MeV) @/em?)
14.1 756 x 1013
10.0 1.84 x 1013
75 205 x 1013
40 794 x 1013
13 459 x 1014
05 2.64 x 1014
0.1 472 x 104
003 132 x 1013
Total 271 x 10%%

Thus, 2.71 x 10'5 neutrons/cm? are incident at
a point coaltitude at a distance of 1 mile from a
1 Mt explosion of the hypothetical wzapon de-
scribed above burst at ‘60,000 feet. The corre-
sponding vacuum fluence at the same distance
would have been 6.22 x 10'* neutrons/cm?.
Thus, there is a factor of

in the pumber of fluence for the expiosion at
60,000 feet compared to the same distance from
wae sdahc explasion in a vacuum. Note that the
only meaningful fluence in air is the tofal num-
ber of fluences. Fluences shown for each nom-
mal source energy represent number fluence
resulting from that source energy, but any given
source energy fluence would contain a spectrum
of energies at the receiver. No information con-
cerning the spectrum at the receiver can be
obtained by the mass integral scaling demon-
strated above. .
I{ the point of interest is at an altitude
al aiffers from that of the burst, but is still
below BS kilofeet, the only ckange in the pro-

cedure for determining the neutron fluence in
air is in the determination of g(R) to enter Fig-
ure 5-7. The appropriate value may be deter-
mined by the equations given previously to-
gether with the tabulated values in Table 5-2.
Examples of the calculation of g(R) for other
than ccaititude cases are given in Problems 4-5
and 4-6, Chapter 4, which deal with mass inte-
gral scaling of X-rays. The same procedures for
determining g(R) apply to mass integral scaling
of neutron fluences.

‘ R s vva ravs

54 Goamma Ray Sources

As mentioned in the introductory para-
graph to this section, there are several sources
for the gamma rays that contribute to the initial
nuclear radiation (that radiation dslivered within
1 minute) from a nuclear explosion. These
sources include the gamma rays that are released
essentially simultaneously with the fission pro-
cess, gamma rays resulting from non-fission
interactions with weapon materials, gamma ray
resulting from inelastic scattering of neutrons by
atoms of the air {paragraph 5-3), gamma rays
resulting from isomeric decays of weapon ma-
terials,* gamma rays resulting from neutron
capture in nitrogen, and finally, gamma rays
emitted during the decay of the fission products.
Figure 5-8 providec an flustration of the Hme
dependence of these various sources of gamma
rays in terms of energy released per unit time

Isotopes that have the same miomic aumber and the same
20mic weight may differ in some property of their nuclei; these
isomers may differ may be the type of particie emitted, the
hatf-life or crergy of the particle or the presence or absence of
radicactivity. Here the interest is in those that emit gamma rays,
either with or without sccompanying particulate emissions. The
gamma may be emitted by guclei of weapon materials that have
simply been raised te energy states above their aormal state and
return to their groond state by emitting one or more gams
oy
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per kt from a large yield weapon. The dotted
curves in Figure 5-8 show the source as it would
exist in a vzcuum, ie., the gammas resulting
from inelastic scattering and neutron capture in
the air would not be present under vacuum con-
ditions. Not shown in Figure 5-8, but of po-
tentiai importance for receivers near the surface
of e cothh i the vicinity of a low air burst are
gammas that result from neutron interactions
with the ground. It is convenient to divide the
initial gamma radiation into two components:
‘prompt gamma rays that result from the fission
process and some neutron interactions with
weapon materials, and are generally emitted
within 1 to 2 shakes;* and delayed gamma radia-
tion which originates from the sources described
""above subsequent to the prompt gamma ray
emission and up to 1 minute after burst.

55 Prompt Gamma Rays -

Prompt fission gamma rays are released
essentially simultaneously with the fission pro-
cess and thus their source rate behavior is deter-
mined by the rate profile of fission events in the
weapon. These gamma rays escape before the
detonation has appreciably deformed the weap-
on;case or perturbed the atmosphere. The ener-
gv. distribution of the fission gamma rays has
ocel avesugaied using small samples of fission-
able material; however, extrapolation of the
small sample information to a weapon source
involves considerable uncertainty because of the
requirements to define the fission rate profile
and to evaluate the attenuation provided by
weapon materials as a function of time.

Another source of very early gamma
1ays that ccntributes to the prompt pulse results
from the non-fission interaction of neutrons
with weapon materials? These two sources com-
bine to form a pulse of extremely. short dura-
tion. Although the total amount of radiation
gven on aunng this period is small relative to
the total, the peak rate of the pulse is extremely

5-18

high. In some cases, such as for high altitude
systems, the high ionization rate produced by
this pulss may be the damage mechanism
extending to the greatest range from the explo-
sion. At low altitudes, the peak rate is attenu-
ated rapidly, as a result of gamma ray absorption
and scatiering out of the time region of the peak

ﬁ'ﬂm prompt gamma ¢nvironment is

very sensitive to weapon design and te weapon
yield. Moreover, comparison of theory and ex-
periment for specific weapons is poor. Most cal-
culations and experiments agree that the prompt
gamma yield ranges between 0.1 and 0.3 percent
of the total vield. The prompt gamma energy
output rate may be expressed as

@

- MeV/sec,

_ 26 x 105 fw
T

where f is the fraction of the weapon energy
emitted as prompt gamma, W is the weapon
vield in kt, and t is the emission time (2.6 x
1025 is the energy equivalent of 1 kt in MeV;
see paragraph 1-1). Using the limits quoted
above for f and + would lead to

(2.6 x 1035 X10°3)
2 x 108

< Q‘m (MeV/sec/kt)

<(2.6x 1053 x103)
108

13x 10% <&, MeV/sec/kt) €7.8x 10%.

"A shake is 10 seconds.

amma rays from these interactions may continue to times
on order of 10 microseconds, but their contribution is gens
exzlly small compared to other sources after one or two shakres
beyond the time of peak ganma emission.
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However, results of calculations and experiments
indicate that the peak gamma energy output rate
is more likely to lie between 5 x 102? MeV/sec/
kt and 1 x 10°! MeV/sec/kt. As mentioned
previously, the peak gamma energy output rate
depends on yield and on- weapon design. The
yield dependence shows a rough correlation as
follows

e, = wy22? x 103 MeV/sec/kt,
at least beicween about 2 kt and 10 Mt. However,
this does not account for the variation with
weapon design, which might introduce differ-
ences on the order of plus or minus a factor of
3. Thercfore, rather than use the yield depen-
dent expression given above, it is recommended

“that the upper and lower limits given above be

used for defensive and offensive estimates of the
peak gamma energy output rate, respectively.
Since no interactions take place in a vacuum, the
peak promp! gamma exposure for exoatmo-
sphetic conditions should lie between

1
¢, = 10 MeV/cm? /sec, and
47R?
& 2 A 0TW 2
p - MeV/cm* [sec,
4zR?

where W is the vield in kilotons, and R is the
slant range in ceniimeters. These expressions are
equivalent to

QT.P = E's—?_x_l—w MeV/cmz [sec, and
2
R
19
& = M McVIm’-/sec’
> sz

where R, is the slant range in kilofeet.

Gamma rays interact with matter in
three ways. The first is called the Compton ef-
fect. In this type of interaction, a gamma ray
(primary photon) coliides with an electron, and
its energy is transferred to the electron. A sec-
ondary photon, with less energy, is created and
departs in a direction at an angle to the direction
of motion of the primary photon. The second
type of interaction of gamma rays with matter is
the photoelectric effect. A gamma ray with ener-
gy somewhat greater than the binding energy of
an electron in an atom, transfers all its energy to
the electron, which is consequently ejected from
the atom. Since the photon involved in the
photoelectric effect transfers all of its energy, it
ceases to exist and is said to be absorbed. The
third type of interaction is pair production.
When a gamma ray photon with energy in excess
of 1.02 MeV passes near the nucleus of an atom,
the photon may be converted into matter with
the formation of a pair of electrons, equally but
oppositely charged. The positive electron soon
annihilates with a negative electron to form two
photons, each having an energy of at least 0.51
MeV. In some cases, if the interaction takes
place near the nucleus of a heavy atom, only one
photon of about 1.02 MeV energy may be
created. Figure 6-1, Chapter 6, illustrates the
three processes qualitatively.

Any photon (e.g., an X-ray or a gamma
ray) can produce ionization in a material by
these processes of creating secondary electrons
that deposit their kinetic energy by ionizing the
medium in which they are created. The relative
importance or frequency with which each pro-
cess occurs depends upon the photon energy and
the characteristics of the material. The Compton
process is the dominant jonization mechanism
for most gamma rays of interest, particularly in
electronic materials such as silicon, of which
many solid-state devices are fabricated.

The spectra of the prompt gamma rays
are sensitive to weapon design and vield, just as

-
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the gamma energy output rate is. It is beyond
the scope of this manual to provide spectral
information concerning sufficient samples of
weapons spectra to be of general use (some such
samples are provided in “Status of Neutron and
Gamma Output from Nuclear Weapons (U),”
DASA 2567 (see bibliography)). Moreover, with
the wide range of prompt gamma output energy
rates provided above, precise spectral data would
be of little use. However, most of the prompt
gzmma rays lie in the energy range between 0.2
and 2 MeV, and in this energy range the
Compton fractional energy ioss is relatively con-
stant. As mentioned above, the Compton pro-
cess is the dominant energy transfer process for
most electronic materials of interest (atomic
number less than 20). These facts lead to a2
simplification in the relations between the inci-
dent prompt gamma energy fluence or energy
flux and the energy absorbed by the material.
The unit of the absorbed energy, or
dose, 15 the rad. One rad is the absorption of 100
G ergs per gram of material being irradiated. Thus,
the rad is independent of the type of radiation
{e.g., gamma rays, neutrons, X-rays), but the
material absorbing the radiation must be speci-
fied (e.g., rad (Si), rad (Ge), rad (tissue)). How-
ever. in view of the simplification mentioned
above, in the case of prompt gamma rays and
materials with atomic numbers less than 20, a
auuyav wLVErsion is possible, ie.,

4
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1 rad = 2 x 10° MeV/cm?, or
1 radfsec = 2 x 10° MeV/cm?/sec.

These are, of course, approximations. However,

in view of the approximate nature of the prompt

gamma energy flux that has been provided, and

in view of the fact that effects cf the prompt

! gamma dose rates on electronics given in Section
Vil of Chapter 9 and Section 4 of Chapter 14
: are not provided for system design or for spe-
" . eific cystem vulnerability analyses but only as a

general guide to vulnerability, the approxima-

sidered to be adequate.
As an example of the use of the dose

tion is ¢
#vcmon, consider a system with essentially no

shielding for gamma rays that is operating exo-
atmospherically and that is 2,000 feet from a
100 kt explosion, It is desired to determine the
peak gamma dose rate to a silicon transistor
within the system. From the equations given
previously, the maximum peak gamma energy
flux incident on the system is expected to be

& = 8.57 x 102w
w R% "
(8.57 x 10?°)(100)
Pp = 2
2)

= 2 x 102 MeV/cm?/sec,
and the minimum energy flux is expected to be

_ 428 x 10w

®
& = (428 x 109X100)

m (2)2
= 1 x 102! MeV/cm?/sec.

Thus the peak dose rate is expected to lie be-
tween

- 2 x 102 13 .

D === —_= 10" rads (Si)/sec, and
™ 2 x 10°

D = _10_21_ = § X 10! rads (Si)/sec.

? 9 x10°

In view of the lack of spectral data
that has been provided, the prompt gamma ener-
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£y Tlux for endoatmospheric can only be deter-
mined by use of an effective mass attenuation
coefficient (see the discussion of neutron trans-
port in paragraph 5-3). A reasonable effective
mass attenuation coefficient for prompt gammas
is about 2.8 x 102 cm?/gm. Combining this
with the exoatmospheric equations given pre-
viously, the direct peak prompt gamma ray ener-
®Y liua tudv 0€ estimated to lie between

10W 28 x 102

$ = )PR MeV/cm? [sec, and

P agR2

- 23X 107W lO”We_(u x 1072)R MeV/cm? /sec,
47R?

__where IV is the yield in kt, p is the density in

gm/em?, and R is the range in centimeters. As in
the case for neutrons, the quantity pR may be
replaced by the mass intezral g(R). The mass
integral may be determined from the equations
given in paragraph 5-3 and the data tabulated in
Table 5-2.

The prompt gamma dose may be
bounded by multiplying the minimum and maxi-
mum dose rates by 1 and 2 shakes,respectively.

56 Air-Ground Secondary
Garemp Rays

W Potentially important sources of second-
ary camma rays result from the inelastic scatter-
ing of high-energy neutrons by the nuclei of the
air and ground, and the capture of thermal neu-
trons by the nitrogen-14 in the air and by vari-
ous elements in the ground. The relative impor-

; tance of the imelastic and capture gamma rays

depends strongly upon the neutron spectrum of
the source..

Most of these gamma rays are produced
neutroa source where the neutron flu-

ence is highest. The short neutron flight time to
L scpaons of most intense interaction, and the
__ practically instantaneous character of the nu-
PR T R S .
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clear interaction accounts for the early (107 <t
< 10 sec) appearance of the secondary gamma
components. The number of inelastic-scattering
gamma rays relative to the total depends directly
on the relative abundance of high-energy neu-
trons. The fraction of the total may be negligible
in fission warheads or in large thermonuclear
warheads. As the fusion yield fraction is
increased the importance of the inelastic compo-
nent will increase.

Any determination of the intensity of
elastic-scattering gamma rays must rely pri-
marily upon analysis because of the difficulty in
distinguishing the source of the different gamma
rays measured in field tests. The first step in the
analysis is that of neutron transport calculations.
The local source strength of inelastic gamma
12ysis an energy dependent response to the local
fluence of neutrons, Once the source intensity
resulting from neutron interactions in air and
ground is known, a gamma ray transport calcula-
tion must be performed to obtain the intensity
at points of interest.

The energy spectrum of the gamma rays
evolved in elastic scattering depends on the ener-
gy of the neutrons and the energy level structure
of the nuclei with which the neutrons interact.
However, the inelastic gamma rays are generally
high in energy and, consequently, take on added
significance when the target is behind 2 shield
such as in a hardened military installation. Even
though only a few percent of the gamma radia-
tion incident on the shield results from inelastic

‘seattering, it may be the source that is responsi-

ble for the maximum rate experienced by
equipment inside the shielded installation sirice
prompt gamma rays are attenuated more rapidly
by shielding materials than the inelastic scatter-
ed gamma rays. Thus, where hardened installa-

.tions are concerned, the imelastic gamma rays

should be evaluated even in cases where they do
not constitute a large fraction of the total free-
field exposure. Methods for calculating the




tissue dose from secondary gamma rays are pro-
vided in the following subsection.

&7 Fission Product Gamma
Rays

' Gamma rays produced by the decay of

1soon products following a fission detonation
are an important source of radiation during the
initial radiation time regime (the first minute
following the explosion). The intensity of fission
product gamma rays reaching a location of inter-
est is affected by the complex source ar.d media
dynamics consisting of the formation and evolu-

. tion of the fireball, the cloud expansion and sise,

and the decay of the fission products with time.
The fission products disperse throughout the
cloud with the passage of time and the shape of
the cloud may vary from spherical to toroidal as
the matenals forming the cloud rise through the
at here.

The formation of the fireball and the
expansion and rise of the cloud depends upon
weapon vield, weapon design, atmospheric con-
ditions, and other parameters. The distribution
of fission products in the cloud as a function of
time is not well known, and, consequently, the
attenuation of fission-product gamma rays with-
in the cloud can only be appréximated.

Atmospheric perturbation caused by
e passage of the shock front also has a pro-

svauceu vl on the transport of fission- -

product gamma rays. The distribution of energy
from a low altitude conventional fission weapon
is such that roughly 50 percent of the energy is
released in the form .of blast and shock. The
actual percentage depends on the weapon design
and yield and on the nature of the surrounding
environment (see Section I, Chapter 2). The per-
centage decreases for neutron enhanced
weapons.

The sudden release of energy in the form
ol biast and shock produces an immediate in-
crease in temperature and pressure thus produc-

ing hot, compressed gases from the weapon ma-
terial. A pressure wave is initiated in the sur-
rounding medium (paragraphs 1-4 through 1-6,
1-8, and Section 1, Chapter 2). The character-
istics of a shock wave is that there is a sudden
increase of pressure at the front with a gradual
decrease behind it. A severe change in the den-
sity of tne heated air behind the shock front is
associated with the pressure change. The large
reduction in the air density, or optical depth,
between the rising source and the receiver pro-
duces an enhancement of gamma ray intensities
from hydrodynamic efiects that is known as
“hydrodynamic enhancement.” These effects
may last for several minutes and may extend to
large distances from the explosion. The intensity
and duration of hydrodynamic effects are yield

de ent.
‘d At early times when the shock front is
ocated between the cloud and the receiver, the
gamma ray intensity may increase because of the
geometric displacement of the air. After the
blast wave has passed the receiver, the gamma
ray intensity is enhanced as a resuit of the re-
duced air density. This hydrodynamic enhance-
ment becomes increasingly more important with
higher weapon yields. For high yield weapons
(in the megaton range), hydrodynamic enhance-
ment can increase the fisgjon-product gamma ray
intensity by several orders of magnitude, with
the result that fssion product gamma rays can
become the most important of 2ll initial radia-

~ tion sources.

With minimal hydrodynamic enhance-
ment, as in the case of very low-yield weapons,
the intensity of fission product gamma rays
reaching a given point may be of approximately
the same magnitude as that resulting from the
secondary gamma ray sources. However, the
average energy of the fission product gamma
rays is considerably less than that of the second-
ary gamma rays, and the angle distribution of
the fission product gamma rays is diffused by
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the rise of the cloud. Each of these factors tends 5-5, one rad is the absorption of 100 ergs per
to reduce the penetrating power of fission prod- gram of material being irradiated. Thus, the rad
uct gamma rays relative to secondary gamma is independent of the type of radiation, but the
I2YS. material absorbing the radiation must Le speci-

A reasonably accurate calculation of the fied. The curves provided in this subsection pro-
transport of fission product gamma rays must vide a methodology for determining the dose in

consider such time-dependent parameters as rads (tissue) for the various components of the
Slzed vize  cowera decay, and hydrodynamic initial nuclear rrdiation. Tke respoase of persen

enhancement. The curves presented in the fol- nel, as a function of absorbed dose, is given in
lowing subsection that show tissne dose from Section 11 of Chapter 10.

fission product gamma rays were constructed by q In view of the strong dependence of

the use of such a model.* the neuiron and secondary gamma ray environ-

ments on weapon design, no one representative

INITIAL RADIATION DOSE weapon could be chosen to provide a basis for

70 PERSONNEL i) calculating dose to humans. The fission product

The preceding parag-raphs have described dose is relatively independent of design specifics,
: . but it is strongly dependent on total yield and
e complexity of the calculations of the source . y dep T i
and environments produced by the initial nu- the ratio c_)f ﬁss;on yield to total yleld.‘ Conse-
clear radiations. Simplified, but reasonably ac-  Quently, eight diffe;ent weapons, for which case
curate, methods have been developed to predict output data were available, were selected to per-
the dose to personnel located on or near the form the basic calculations from WhJCh. the
surface of the earth. These methods are describ- curves presented below were developed. It is be-
ed in the succeeding paragraphs and figures, and  licved that these eight weapons provide a suffi-
illustrations of their use are provided in four ciently wide spectrum of designs that one of the
problems.t . eight will represent a given weapon of interest in
Various units have been used to describe a reasonable manner. The eight weapons are de-
e radiation dose to personnel. One of the earli- scribed in Table 5-3.
edt. nﬁ?inallv used to d&.scn‘!:c X-ray ?nﬁron- 58 Initial Neutron Doz
ments, is the roentgen, which is defined in terms . k
of ionization produced in air. In view of the long ! Figures 5-9 through 5-11 provide all of
history of the roentgen, various attempts have e Imiormation necessary to calculate the con-
been made to develop units that described the tribution of neutrons to the initial nuclear radia-
response of living creatures or physical objectsin ~ Gon dose from each of the weapon types listed
terms of “roentgen equivalent™ units. None of
these was completely satisfactory since they de- ' . . .

Th t of this model lained in “ ved
pended strongly on the type and energy of the i!;;;“dmmmﬁmm:w Weapon Initil Rmmon[::";on_
radiation, and their relationship to an exposure ments (U),” DASA 2615 (see bibliography).
reascred in roentgens was not always descrip- l_h.“;"m ‘gﬁ:‘d m“m bf:m Mm:l’hﬂic mm. ﬁ';;;mﬂ”ﬂ_ "

- - « DX exa $ MVOLv-
tive of the response of ﬂ_le _target' Since the re- ing ndiltil:’n transport i: the lunospm:::? the necessity
sponse of a target to radiation generally can be of making specific transport calculations. ATR is documented in
velatad ¢t~ the snerov absorbed, the rad has come DNA 2803], “Models of Radiation Transport in Air — the ATR

. . - ; . ined fr
into general use for the description of dose to g’; (I'”:ic:bm)mf? C".dzn;:mg::::.f":
any target. As previously defined in paragraph Teonessee,
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Table 5-3. 'eptesentntive Types of Nuclear Weapons '

Type Description

Representative Yield Range

Subkiloton Fission
Pure Fission lmplosion

Thermonuclear Weapon
Thermonuclear Weapon

5% e2Er-

Large (physically) Boosted Fission
Small (physically) Boosted Fission
Enhanced Neutron Weapon
Gun-Assembly Fission Weapon

in Table 5-3. Problem 5-1 describes the use of
these figures to obtain the neutron dose.
59 Air-Ground Secondary Gamma
Ray Doss
Figures 5-11 ugh 5-13 provide all of
€ 1niormation necessary to calculate the con-

tribution of air-ground secondary gamma rays to
the initial nuclear radiation dose from each of
the weapon’ types listed in Table 5-3. Problem
5-2 describes the use of these figures to obtain
the air-ground secondary gamma ray dose.
510 Fission Product Gemma

Ray Dose

Sl - .
gures 5-14 through 5-17 provide all of
R

the information necessary to calculate the con-
fribution of fission product gamma rays to the
initial nuclear radiation dose. Problem 5-3 de-
scribes the procedures for obtaining the fission
product dose from these figures. Note the cau-
tion given in Problem 5-3 concemning interpola-
tion between the hydrodynamic enhancement

Curves.
511 Total Dose Y

The total initial radiation dose is simply
the sum of the contributions of the neutrons,
the secondary gamma rays, and the fission prod-
uct gamma rays. Problem 5-4 illustrates the cal-
culation of total initial radiation dose.
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Problem &6-1. Calculation of Neutron Radiation Dose

. ‘ The spectrum and intensity of neutron

radiation depends strongly upon the details of
design of a nuclear weapon; however, it is pos-
sible to obtuin neutron dose to personnel from a
wanrnn ~f interest with reasonable accuracy if it
is “simiar’’ to one for which detailed calcula-
tions have been made. Eight “representative™
types of wezpons, listed in Table 5-3, provide
the basis for such calculations within the follow-
ing constraints:
® The weapon of interest must be similar to
one of the represcntative types,
® The range of interest must lie between 400
and 5,000 yards,
® The detonation takes place in the “lower
aumosphere,” and
® The target is located on or near the surface
of the earth.

Within the constraints listed above, Fig-
ures 5-9 through 5-11 provide the information
necessary 1o obtain the dose to personnel jo-
cated on or near the surface of the earth. If the
air density is p, = 1.225 x 10 gm/em®, the
neutron dose is

WFyH,

Dy is the total neutron dose (rads (tissue)),
R is the slant range (yards)

y  is the value taken from Figure 5-9a orb
or from Figure 5-10a or b for the most
representative weapon type (yards? rads/
kt). ' '

W  is the weapon yield (kt), and

H1 is tie detonation height correction fac-
tor trom Figure 5-11 (dimensionless).

jma Tt tm et v i

If the air density differs from p_, Fig-
ures 5-9 or 5-10 are entered with a scaled range
R 5 which is given by

where p is the relative air density. Values of
plp, are given in Table 5-2, and with smaller
altitude increments in Table 2-1, Chapter 2. If
the values of p/p_ are different at the burst and
the receiver, the average value should be used for
p. Note that R, not R_, is still used in the de-

ominator of the e agon given above for D, .
ﬂ Example 1 :

Given: A 30 kt surface burst of 2 weapon
similar to type IV in air of average relative den-
sity p=1.0.

Find: The neutron dose delivered to a sur-
face target 1,500 yards from the burst.

Solution: From Figure 5-9a, F, = 8.5 x
10° yards® rad (tissue)/kt for a type IV weapon
at 1,500 yards.

Answer: The neutron dose delivered to a
surface target 1,500 yards from a 30 kr surface

burst of a type IV weapon is:
_ (30)%8.5 x 106)(1.0)
D, =
(1,500)*
Dy, = 113 rads (tissue),

- Example 2 .
Given: A 500 kt burst at = 4t of 100

vards of a weapon similar to type ..i in air of
average relative density g = 0.9.

Find: The neutron dose delivered to a iar-
get near the surface 2,000 yards from the burst.

O
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Solution: The scaled range Rp =
(0.9)(2,000) = 1,8C0 yards. From Figure 5-10a,
Fyy = 1.6 x 10° yards? rads (tissue)/kt for a type
VII weapon at 1,800 yards. From-Figure 5-11,
H, =2.07 for type VII at 100 yards HOB.

Answer: The neutron dose delivered to a
target near the surface 2,000 yards from a type

VII weapon at 100 yards HOB is:
p. = (500X1.6 x 10°%2.07)
- (2,000)2

DN = 414 rads (tissue).

Reliability. For weapons closely similar
to one of the eight representative types, the pre-
dicted neutron dose is estimated to be correct
within £25 percent.

Related Material. See paragraphs 5-1
through 5-3. See also Tables 5-2 and 5-3.
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Problem 5-2. Calculation of Secondary Gemma Ray Doss

Secondary gamma rays are those that
resuit from neutron interactions, primarily with
nitrogen in the air, as described in paragraph 5-6.
Since the neutron output is strongly dependent
upon details of weapon design, the secondary
gamma ray output also depends upon weapon
design; however, it ts possible to obtain the sec-
ondary gamma ray dose to personnel from a
weapen of interest if it is “‘similar™ to onefor
which detaled calculations have been made.
Eight “representative” types of weapons, listed
in Table 5-3, provide the basis for such calcula-
tions within the following constraints:

® The weapon of interest must be similar to
one of the representative types,

® The range of interest must lie between 400
and 5,000 yards,

® The detonation takes place in the “lower
atmosphere,” and

® The target is located on or near the surface
of the earth.

Within the constraints listed above, Fig-
ures 5-11 through 5-13 provide the information
necessary to obtain the secondary gamma dose
to nercannel incated on or near the surface of
h: zooh 1€ ehe oir density is p, =1.225 x 1073
gm/cm?, the secondary gamma dose is

. _¥Fy
T T RZ
where
D, is the secondary gamma ray dose (rads
(ussce)),

R 1is the slunt range (yards),

F, is the value taken from Figure §-12aorb
or from Figure 5-13a or b for the most
rentesentative weapon type (yards® rads/
kt),

528

W  isthe weapon yield ¢kt), and

H, is the detonation height correction fac-
tor from Figure 5-11 (dimensionless).

q If the air density differs from p,_, Fig-
ures 5-12 or 5-13 are entered with a scaled range
R_.

P

R, =L R =pR
f 4 R p

where p is the relative air density. Values of
plp, are given in Table 5-2, and with smaller
altitude increments in Table Z-1, Chapter 2. If
the values of p/p, are different at the burst and
the receiver, the average value should be used for
0. Note that R. not 'RP' is still used in the de-
nominator of the equation given above jor D-rs'

Example 1

Given: A 15 kt explosion at a height of 150
yards of 2 weapon similar to weapon type V], in
air of average relative density 5= 1.0.

Find: The secondary gamma ray dose de-
livered to personnel on the surface 1,500 yards
from the burst.

Solution: From Figure 5-13a, F,'s =37x
10 yards? rads (tissue)/kt for a type VI weapon
at 1,500 yards. From Figure 5-11, H = <.03 for
a type V1 weapon burst at 150 yards.

Answer: The secondary gamma ray dose
delivered to a surface target 1,500 yards from a
15 kt burst of weapon type VI at 150 yards
HOB is:

p = (5)B.7 x 10°)2.03)

T (1,500)?
D.rs = 50 rads (tissue)
Example 2

Given: A (.08 kt burst at a height of 20
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yards cf a weapon similar to type I in average air
density of o = 0.9.

Find: The secondary gamma ray dose de-
livered to personnel on the surface 500 yards
from the burst.

Solution: From Figure 5-12a, F," =16x
108 yards? radsfkt for a type 1 weapon at 500
yards. From Figure 5-11, H, = 1.52foratypel
w2apon burst at 20 yards.

Answer: The secondary gamma ray dose
delivered to a target near the surface 500 yards

from a 0.08 kt burst of a type 1 weapon at 20
yards HOB is

~

— e - e -

_ (0.08)(1.6 x 10%)(i.52)
D, =
(500)%

th 78 rads (tissue).

Reliability. For weapons closely similar
to one of the eight representative types, the pre-
dicted secondary gamma ray dose is estimated to
be correct to within +25 percent for slant ranges
up to 1,500 yards. At longer ranges, the pre-
dicted values might be high although 2 precise
estimate cannot be made.

Related Material. See paragraph 5-5. See
also Tables 5-2 and 5-3.
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Problem 5-3. Calculation of Fission Product Gamma Ray Dose

- Figures 5-14 through 5-17 provide the
information necessary to calculate the fission
product contribution to the initial nuclear radia-
tion dose to personnel on or near the surface of
the earth Fisures 5-14a through ¢ provide the
nominal dose per kt fission yield as a function of
slant range for several relative air densities. The
gamma dose as a function of slant range depends
on cloud rise, which depends on weapon yield.
The effects of cloud rise on exposure for a given
vield depends on the burst height, and, to a
slight extent, on the ambient air density. Anal-
ysis of the interdependence of these parameters

--has shown that reasonable accuracy can be re-

tained by the use of two independent burst
height adjustment factors, one associated with
slant range, as shown in Figure 5-15, and the
other associated with weapon yield, as shown in
Figure 5-16. Figures 5-17a through e show
hydrodynamic enhancement factors as a func-
tion of slant range for selected yields and several
air densities. In using Figures 5-17a through e,
no attempt should be made to perform a visual
interpolation of the hydrodynamic enhancement
factor between yields that are shown. Rather, a
po—- - —- --ydrcdynamic enhancement factor
as a function of yield should be made at the
silant range and relative air density of interest,
and the hydrodynamic enhancement factor
should be obtained from this plot for the desired
yield.

The tissue dose from fission product
gamma rays is obtained as follows:

D = WF H HLE

where
D_. i- tha fission product gamma ray dose at

I

slant range R (rads (tissue)),

W, is the fission yield (kt),

}5‘_,'f is the value taken from Figures 5-14a
through ¢ (rads (tissue)/kt),

Hy is the range dependent burst height ad-
justment factor from Figure 5-15
{dimensionless),

Hy, is the yield dependent burst height ad-
justment factor from Figure 5-16
(dimensionless), and

E is the hvdrodvnamic enhancement factor
from Figures 5-172 through e (dimen-
sionless).

Note that fission yield is used in the
equation given above for fission product gamma
ray dose; however, fotal yield is used to enter
Fi 5-16 and Figu -17a through e.

ﬂ Example 1

Given: A 50 kt pure fission weapon burst
at a height of 100 yards in air of relative air
density p= 0.8.

Fird: The fission product gamma ray dose
to personnel on the ground at a slant range of
2,000 yards from the burst.

Solution: From Figure 5-14a, F-)rf =15
rads (tissue)/kt for g = 0.8 at 2,000 vards. From
Figure 5-15, H, = 0.94 for a height of burst of
100 yards and a slant range of 2,000 yards.
From Figure 5-16, Hy, = 0.71 for 50 kt total
yvield at a height of burst of 100 yards. From
Figure 5-17d (g = 0.8), E = 6 for a 50 kt total
yield at 2,000 yards.

Answer:

D, = (50)(1.5)(0.94)(0.71X6),

"’ = 300 rads (tissue).

D
- Example 2 .

Given: A 200 kt, 1:1 fission/fusion ratio
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(i.e., 1/2 fission, 1/2 fusion) surface burst in air
of average relative density p=1.1.

Find: The fission product gamma ray dose
delivered to a target near the ground 1,000 yards
from the burst.

Solution: The fission yield W, = (1/2)(200)
= 100 kt for a I:1 fission/fusion ratio. From
Figure 5-14a, F.,f = 17 rads (tissue)/kt for g =
1.i at 1,000 yards. From Figure 5-15, Hp =
w54 sor a surface burst at 1,000 yards range.
Irom Figure 5-16, H, = 0.63 for a surface burst
at 200 kt total vield. From Figure 5-17a, E = 24
for 200 kt total yield at 1,000 yards (the best
interpolation scheme for this figure is to make a
plot on linear paper of £ vs W at a constant R,
and draw a smooth curve through the points).

Answer: The fission product gamma ray
dose delivered to a target near the ground 1,000
yards from a 200 kt (1:1 fission/fusion) surface
burst in air of average relative density 1.1 is:

1.

D, =( 00)(17)(0.94)(0.63)(24)

Dy =24x 10* rads (tissue).

.Reliability. For submegaton yields the
radiation dose predicted by equation 5.4 will be
within 15 percent of the values calculated b, ne
most sophisticated methods. The variations ..ay
approach 40 percent for megaton yields a
ranges less than 1,000 yards; however, these ar
generzlly not tnteresting combinations. The tota
gamma ray dose predicted by the methods illus
trated in Problems 5-2 and 5-3 when added t.
gether generally apgrees with weapons test data
within 50 percent and seldom disagrees by more
than a factor of 2.

q Related Material. See paragraph 5-7. See
also Table 5-2.
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Problem 5-4. Calculation of Total initial Radiation Dose

The total initial radiation dose may be
determined by calculating the neutron dose, the
sacondary gamma ray dose, and the fission prod-
uct gammau ray dose separately, as described in
Ticticias 5-1, 5-2, and 5-3 and summing the in-
dividuai results.

L Example
Given: A 10 Mt burst, 2:3 fission/fusion
ratio (i.e., 2/5 fission, 3/S fusion), of a weapon
similar 1o type VIII at a height of 2,000 yards in
air of average relative density 7= 0.8.
Find: The total radiation dose delivered to
a target near the surface at a slant range of 4,000

 yards from the burst.

Solution: For the neutron dose, the scaled
range is R, = (0.8)(4,600) = 3,200 yards. From
Figure 5-{0b, Fy, = 5 x 10 yards® rads (tis-
sue)/kt for type VIII at 3,200 yards. From Fig-
ure 5-11, H, = 2.16 for type VIII over 200 yards
HOB. For the secondary gamma ray dose, the
same scaled range and height correction factors
apply. From Figure 5-13b,F, =5 x 10* yards?
rads (tissue)/kt for type VIII at 3,200 yards. For
the fission product gamma ray dose, the fission
yield is W, = (2/5)(10,000) = 4,000 kt for a2 2:3
fission/tusion ratio. From Figure 5-14b, F'rf =
1.3 x 103 rads (tissue)/kt for g = 0.8 at 4,000
yards. From Figure 5-15, Hp = 0.62 for a 2,000
yard HOB and a slant range of 4,000 yards.
From Figure 5-16, Hy, = 0.24 for a 2,000 yard
HOB and 2 total yield of 10 Mt. From Figure
5-17d, E = 4.1 x 10° for 10.Mt total yield at
4,000 yards.

Answer:

WFyH,
Dy =3

p.. = (10.000)5 x 10°)(2.16)
N 2
{4,000)

Dy, = 6.8 rads (tissue)

WF,
Dy = ’:H]
R

D, =(10.000)5 x 104)2.16)
» 2
(4,000)

D., = 68 rads (tissue)

D,e =W F H HyE
Do = (4,0001.3 x 103)0.62)(0.24)4.1 x 10%)

D,g = 3,170 rads (tissue)

Total Dose =Dy +D7‘ +DTP
Total Dose = 6.8 + 68 4 3,170 = 3,245 rads (tissue).

- Reliability. See problems 5-1, 5-2, and
5-3 for reliability statements for the individual
components of the total dose. There are no cor-
roborating data; however, it is estimated that the
total dose prediction would fall within £25 per-
cent of the true value, except for megaton yield
weapons at slant ranges less than 1,000 yards,
where the error is likely to be £50 percent.

F Related Material. See paragraphs 5-5
cugh 5-7. See also Tables 5-2 and 5-3.
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SECTION I
U FEUTRON-INDUCED ACTIVITY

IN SOILS -

As mentioned in paragraph 5-3, the neu-
trons emitted during a nuclear explosion under-
go three main types of reactions when traversing
matier: claslic scattering; inelastic scattering;
and newacn capture. There are a variety of cap-
ture reactions, most of which result in the subse-
quent emission of a charged particle (generally a
proton or alpha particle) and/or a gamma ray.
When the reaction resulits solely in the emission
of a gamma ray, it is generally referred to as
radiative capture. As a rule, the probability for
capture reactions is small compared to elastic
and inelastic scattering when the neutron energy

“exceeds 2 few keV. The nuclei remaining after

neutron capture are frequently radioactive, gen-
erally emitting a beta particle, a gamma ray(s),
or both. The extent of the hazard to personnel
that results from radioactivity induced in the
soil by neutrons from a nuclear explosion is
described in this section.

512 Heicht of Burst T} - -

The residual radiocactive contamination
(fallout) that resuits from fission products that
are aistnputed subsequent to a contact surface
or subsuriace burst (Section I of this chapter)
is much greater than the radioactive contamina-
tion that results from the neutron activity dis-
cussed in this section. Thus, the neutron-induced
activity may be neglected for contact surface
and subsurface bursts.* If a weapon is burst at
such a height as to be in the transition zone as
far as fallout is concerned, the neutron-induced
activity generally can be neglected if the burst
height is in the lower three-quarters of the fall-
out transidon zone, ie., if the burst is below
about 75W0-35 feet (see Section HI). If the
height of burst is in the upper quarter of the
transition zone (between about 75W0-35 feet
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and 100W?-33 feet), the neutron-induced activ-
ity may not be negligible compared to fallout.
When fallout dose rate contours determined by
the methods described in Section III are much
smaller than those for a surface burst, the
neutron-induced activity should be abtained by
the methods described below. The overall con-
tour values may be obtained by summing the
dose rate values for induced activity and fallout

at a particular time; however, as will be shown in
succeeding paragraphs of this chapter, the radio-
activity from fallout and that from neutron-
induced activity decay at different rates. There-

fore, the dose rate from each source must be.

determined separately for each time of interest,
or the total doses over some period of time must
be determined separately, and then the appropri-
ate summing may be performed.

For burst heights that are sufficiently
high, the various forms of attenuation described
in paragraph 5-3 will result in a neutron fluence
at the surface of the earth that is too small to
produce significant induced activity. Since the
neutron-induced gamma radiation depends on
soil type as well as weapon type and yield, a
height of burst above which neutron-induced
activity will cease to be important cannot be
defined. In general, however, this effect will
only be important for low air bursts (just above
the height of burst at which fallout ceases to be
important).

513 Soil Types {J
The type, intensity, and energy distribu-

. tion of the induced activity produced by the

neutrons will depend on which isotopes are pro-
duced and in what quantity. These factors de-
pend on the number and energy distribution of
the incident neutrons and the chemical composi-

The indoced activity contribution may, howewver, assume
mare importance if Plowshare type nuclesr devices are adapied
for military use.

¥
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tion of the soil. Induced contaminaticn contours
are independerit of wind, except for some wind

- redistribution of the surface contaminant. The

contours can be expected to be roughly circular.

Examimation of several thousand anal-
yses of the chemical composition of soils and
the relative probabilities of neutron capture by
the various elements present in the various
samples has indicated that sodium, manganess,
and aiuminum generally will contribute most of
the induced radioactivity. Small changes in the
quantities of these materials can change the
activity significantly. Other elements can also
influence the radicactivity. Some elements have
a relatively high probability for capturing neu-
trons (cross section), but the isotope that is
formed after the capture either is not radio-
active, does not emit gamma rays, or hassuch a
long half life that the Jow activity does not pro-
duce a hazardous dose rate. The presence of
such elements in the soil will tend to lower the
hazard from neutron-induced activity.

As described in paragraph 5-3, scattering
of neutzons from light elements may cause the
neutron to transmit a sienificant amount of its
energy to the nucleus, and the scattered neutron
will be less energetic than the incident neutron.
Since the probability of neutron capture gen-
erally increases as the neutron energy decreases
(in particular, this is true for sodium, manga-
nese, and aluminum), the presence of light ele-
ments in the soil will tand to cause a Jarger num-
ber of neutrons to be captured near the surface
rather than at some depth (the peak intensity
from neutron activated radionuclides generally is
two to three inches below the surface). Thus, it
might be expected that the presence of light ele-
ments might increase the hazard from neutron-
induced activity by raising the primary gamma
TRy source to a level nearer the surface, where

) attenuation of the earth above the source would

""" be less. A study of many soil samples indicates

that the light element that is most likely to
T

cause such an effect is hydrogen that might be
present in moisture (water) in the soil.* Thus, it

. might be expected that soil saturated with water

might be more hazardous from neutron-induced
activity than the same soil when dry. However,
competing effects occur because the hydrogen
absorbs neutrons to form nonradioactive deute-
rium. These neutrons otherwise could produce
gamma ray emitters. Experiments have con-
firmed that moisture content does increase the
hazard from neutron-induced activity; however,
this effect does not appear to beof major impor-
tance in view of the uncertainties in soil com-
position and variations in possible weapon neu-
n outputs.

Four soils have been chosen to illustrate
the extent of the hazard that may be expected
from induced activity. These soils were selected
to show wide variations in predicted dose rates;
the activity from most other soils should fall
within the rangze of activities presented for these
soils. Table 5-4 shows the chemical composition
of the selected soils. The elements listed in Table
5-4 are in the order of probable importance so
far as induced activity is concerned.

When applying the data presented in this
section to soils other thar the four types shown,
the activity should be estimated by using the
data for the type that most closely resembles the
soil in question in chemical composition. If none
of the four types resembles the soil in question
very closely, the following points should be kept

in mind. For times less than A + 1/2 hour, alu-
minum is the most important contributor. Be-
tween H + 1/2 hour and H + 5 hours, manganese
is generally the most important element. In the

!Hydrog:n.bdu the hightest elcment, will have many more
atolns per unit volume for the same percentage concentration by
weight. It 2 alo the most effective element in reducing the
energy of the ncutron, since its zacleus (s proton) has cesentially
the sume mass 32 & neutton and energy tansler by elasuc colli-
sion is very effzctive.
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Tablie 5-4. . Chemical Composition of llustrative Soils .

Percentage of Soil Type (by weight)

Type IV
Type 1 Type 11 Type 11 (beach, sand,
. (Liberia, (Nevada (lava, clay, Pensacola,
Element Africa) desert) Hawaii) Florida)
Sodium - 130 0.16 0.001
Manganese 0.008 0.04 294 —
Aluminum 7.89 ) 6.90 18.79 0.606
Iron 3.75 220 10.64 0.005
Silicon 33.10 32.00 1023 46.65
Titanium 039 027 1.26 0.004
- Calcium 0.03 240 045 —
Potassium - 2.70 0.88 -
Hydrogen 039 0.70 0954 0.001
Boron - — - 0.001
Nitrogen 0.065 - 026 —
Sulfur 0.07 0.03 026 -
Magnesium 0.05 0.60 034 -
Chromium - J - - 0.04 -
Phosphorous 0.008 0.04 013 -
Carbon 387 - 9.36 -
uxygen 5033 50.82 4332 53332

absence of manganese, the sodium content will
probably govern the activity for this period. Be-
tween H +5 hours and H + 10 hours, sodium and
manganese content are both important. After H
+ 10 hours, sodium will generally be the only
large contributor. If the sodium, manganese, and
aluminum contents are low, the neutron-induced
activity generally will be low. Socil type IV is an
example of such a soil. Using these guidelines, it
mav be porsible to obtain better data for a given
soil by using data for a different illustrative soil

554

at each of several times of interest. A word of
caution is in order, however. While the content
of sodium and aluminum will generally be rela-
tively constant over fairly large areas, manganese
generally is a trace element and the content may
vary by an order of magnitude over a few hun-
dred yards. Between H + 1/2 hour and H + 5
hours, the dose rate will vary almost directly in
proportion to the magnitude of the variation in
manganese content. In view of the uncertainty
in the soil composition at any location under
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operational conditions, and the possibility of
variations in composition over short distances,
the datz presented herein should only be used
for rough estimates and should not be used as
the basis for operational planning.

514 0Dose Rate and Dose

Predictions

As described in paragraph 5-1, both the
specirum  and the total number of neutrons
emitted during a nuclear explosion are sensitive
functions of weapon design. Thus, no “repre-
sentative”™ weapon was used for the prediction
of neutron-induced activity, and, in view of the
other uncertainties discussed above, presentation
of prediction techniques for several weapon de-
signs is not warranted. Figure 5-18 shows a
broad band that indicates the variation of
neutron-induced gamma activity as a function of
slant range from the explosion. It is believed
that the activity produced by most weapons will

fall within the band.® Dose rates at H + 1 hour
after burst may be obtained by multiplying th-
dose rates from Figure 5-18 by the multiplying
factors given in Problem 5-5.

Figure 5-19 represents the radioactive
decay characterstics of the four soil types
shown in Table 54. The decay factors taker
from Figure 5-19 are multiplied by the 7 + 1
hour dose rate for a particular soil to give 3e
dose rate for that soil at any other time.

Figures 5-20 through 5-23 are presentec
to facilitate the computation of total dose
Multiplying factors may be obtained from thest
figures, which, when applied to. the A + 1 ho
dose rate for the particular soil, wiil give the
dose accumulated ove: any of several periods of
time for various times of entry into the contami-
nated area.

" This band considers the representative types of nuciear
wecapons shown in Table 5-3 with the exception of Type V.
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Problem 55. Calculation of Neutron-Induced Activity
at 1 Hour After Explosion

‘ Figure 5-18 shows a range of normalized
neutron-induced dose rates as a function of slant
range from a 1 kt explosion. To estimate the H
+1 honrr dnen rote, enter the slant range axis with
the slant range in yards and read the range of
noimalized dose rates. Multiply these dose rates
by the appropnate factor for the soil type of
interest from the following list.

Multiplying
Soil Type Factor
I i 10
I 9.1
1 109.0
v 0.024

- Scaling. For yields other than 1 kt, mul-
tiply the dose rates obtained irom Figure 5-19

by the weapon yield in kt.
Example

iven. A 50 Kkt explosion at a height of

burst of 900 feet above soil type IT1.
Find: The ranee of H + 1 hour dose rates
2ot ikt be cxpected: at ground zero and at a
ground distance of 950 yards from ground zero.
Solution: The corresponding slant ranges
are 300 yards to ground zero and 996 vards to a
point at a ground distance of 950 yards from
ground zero. From Figure 5-18, the normalized
H + 1 hour dose rate at a slant range of 300
yards from ground zero are expected to be be-
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tween 0.8 rad/hr/kt and 1.8 rads/hr/kt. The cor-
responding dose rates at a slant range of 996
yards are 1.6 x 102 rad/hr/kt and S % 102 rad/
hr/kt. The multiplying factor for scil type Il is
109.

Answer. The H+1 hour dose rates at
ground zero should be between

50 x 109 x 0.8 = 4,360 rads/hr,

and
SO0 x 109 x 138 = 9,800 rads/hr.

The H + 1 hour dose rates at a ground distance
uoi 950 yards from ground zero should be
between

50 x 109 x 1.6 x 1002 = 87 rads/hr,

and
S0 x 109 x 5 x 102 = 272 rads/hr.

. Reliability. H + 1 hour dose rates are
expected to fall within the mits of the band
shown in Figure 5-19 for the specific soils
shown. For other soils, even with small varia-
tions in the content of sodium and manganese,
the data merely will furnish an estimate of the
magnitude of the hazard.

Related Material See paragraphs 5-1
through 5-3, and paragraphs 5-12 through 5-14.

™



Nty i 4By

w

s
L

107!

vade/hr/kt
T

ot

? l } ] 1 ! 1
2] 200 400 600 800 1000

* SLANT RANGE (yards)
Figure 5-18. - Neutron-induced Gamma Dose Rate ss a Function of Slant Range
at a Reference Time of 1 Hour After Burst .

557




TP R T R L TY

e oo ¢ i -1 PRI § S-SRI | ity optrge o i by Y

L, o

LY T T

‘Problem 5-6. Calculation of Neutron-Induced Gamma

- Activity st Times Other than & + 1 Hour

- The dose rate at any time after burst
may be determined by multiplying the H + 1
hour dose rate by the decay factor appropriate
to the soil of interest from Figure 5-19. The
A=cay curves mav also be used to determine the
value of the dose rate at H + 1 hour from the
dose rate at a later time. In this case, the mea-
sured dose rate is divided by the appropriate
decay factor. The dose rate at any other time
then may be determined from the H + 1 hour

‘dose rate,
Example 1 -.
iven: The dose rate at a given point on

soil type 1 is 30 rads/hr at H + 1 hour.

Find: The dose rate at that point at H +
1/2 hour and a2t A + 10 hour.

Solution: From Figure 5-19, the decay fac-
tors for soil type 1 for 1/2 hour and 10 hours are
3 and 0.083, respectively.

Answer: The dose rate at 1/2 hour is:

30x3=90 rads[l;: -
and the dose rate at 10 hours is

5% x 0.083 = 2.5 rads/hr.

M PP -

Given: The measured dose rate at a point

over type 1l soil is 375 rads/hr 3 hours after the
explosion.

Find: The dose rate at the same point 50
hours after the explosion.

Solution: From Figure 5-19, the decay fac-
tors for soil type II are 0.75 and 0.06 for times
of H + 3 and H + 50 hours, respectively. The H +
1 hour dose rate at the point is

375
0.75 - 500 rads/hr,
Answer: The H + 50 hours dose rate at the
point is

(500)(0.06) = 30 rads/hr.

. Reliabiliry. The curves of Figure 5-19
are estimated to represent the decay of the soil
compositions shown in Table 54 to within 10
percent; however, small changes in the chemical
composition of the soil, particularly in the con-
tent of sodium, manganese, and aluminum, may
change the decay characteristics drastically.
Uncertainties associated with the prediction of
H + 1 hour dose rates will affect the prediction
of dose rates at any other time.

Related Material See paragraphs 5-13
and >-14. See also Problem 5-5.

@
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Problem 5-7. Calculation of Total Dose from
Neutron-Induced Activity

-Figures 5-20 through 5-23 provide the
means to obtain the total dose received when
entering an area contaminated with neutron-
indyced sothdty pnd remaining for a specified
imicivay of time. The various curves represent
times that an individual remains in the con-
taminated area. To determnine the dose, obtain
the multiplying factor from the vertical axis that
corresponds to the time of entry on the hori-
zontal axis and the stay time from the appropri-
ate _curve (or by interpolation between curves).
Example )
Given: A dose rate of 105 rads/hr was mea-

" sured or entering a contaminated area of soil

type III 5 hours after an air burst nuclear
explosion. :

Find: The total dose that would be re-
ceived by an individual who remained in that
area for 1 hour.

Solution: From Figure 5-19, the decay 1ac-
tor for soil type III at &/ + 5 hours is 0.35. The 1

hour dose rate is therefore

(:—_gss—= 300 rads/h;._

Figure 5-22 is the appropriate figure from which
the dose multiplying factor should be obtainad
for soil type I1. From this figure, the intersec-
tion of the line for a time of entry of S hours
after burst with the 1 hour stay time curve gives
afactor of 0.32.

Answer: If the individual remains in the
area for 1 hour, the accumulated dose will be

(0.32)(300) = 96 rads.

. Reliability. Figures 5-20 through 35-23
are integrals of the curves in Figure 5-19. The
same reliability statement given in Problem 5-6
apgljes.

Related Material. See paragraphs 5-13
and 5-14. See alsc Problems 5-5 and 5-6.
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Residual radiation is that radiation that
is emitted later than one minute after the explo-
sion. The sources and characteristics of this radi-
ation vary depending on the extent to which
fission and fusion reactions contribute to the
energy of the weapon. Residual radiation from a
fission weapon "arises mainly from fission prod-
ucts and, 1o & lesser extent, from radioactive
isotopes formed by neutron reactions in weapon
materials and from uranium and/or plutonium
that have escaped fission. Other sources of resid-

-ual radiation hazard are the activity induced by

neutions that interact with various elements
present in the earth, sea, air, or other substances
in the explosion environment. The most impor-
tant of these sources is the neutron-induced
activity in soils that is discussed in Section II of
this chapter. The radioactivity from a thermo-
nuclear weapon will not contain the same quan-
tity of fission products that are associated with a
pure fission weapon of the same yield; however
the large number of high energy neutrons will
produce larger quantities of neutron-induced
activity in weapon components and the sur-
roundings. The total radioactivity from such a
weapon will, however, generally be less than
from a pure fissior: weapon of the same yield.

Sy
wam Fauour @

@B o mein hazard of residual radiation
results from the creation of fallout particles that
incorporate the radioactive weapon residues and
the induced activity in the soil, water, and other
materials in the vicinity of the explosicn that are
sucked up from the earth’s surface into the ris-
ing fireball. The wind disperses these particles
over large areas. Another hazard may arise from
neutron-induced activity on tbe earth’s surface
in the immediate neighborhood of the burst

point. Both the absolute and relative contribu-
tions of the fission product and induced radio-
activity will depend on the total yield and fis-
sion yield of weapon, the height of burst, the
nature of the surface at the burst point, and the
time after the explosion.

Two phases of fallout may be consid-
ered: early (local) and delayed (worldwide).
Early fallout reaches the ground during the first
24 hours following a nuclear explosion. It is t1
early fallout from surface, subsurface, or low a..
bursts that produces radioactive contamination
over large areas, with an intensity great enough
to represent an immediate biological hazard.
Delayed fallout, which arrives after the first day,
consists of very fine, invisible particles that
settle in low concentrations over a considerable
part of the earth’s surface. Radioactive decay
during the relatively long time the delayed fall-
out remains suspended in the atmosphere re-
duces the radiation intensity from the fission
products and other substances significantly.
Because of these characteristics, the radiations
from the delayed fallout pose no significant
military effect and are not considered here.

515 Early Fallout

The early fallout from a nuclear weapon
consists of fission products and neutron activa-
tion products in quantities that are related to
the fission and total yields of the weapon, re-
spectively. In the case of a weapon in which
large quantity of the energy is derived from fu-
sion reactions, and especizlly for bursts high in
the transition zone between surface (fallout pro-
ducing) bursts and air bursts where little soil
mixes with bomb debris to form fallout, the
induced activity can be more important than
that from fission products (see Section II). The
relative importance of these two sources of
residual radiation depends vpon the fission-
fusion ratio, type and composition of the sur-
face material under the detonation and the
height of burst.

5-65
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‘ For detonations over land, where the
parucies consist mainly of soil minerals, the
fission-product vapors condense onto solid and
diffuse into molten soil particles and other par-
ticles that may be present. The vapors of the
fission products also may condense with vapors
of other substances to form mixed solid particles
of small size.

The fact that different materials con-
dense at different temperatures, and at different
times after detonation, changes the composition
of fallout particles, giving rise to the phenome-
non known as “fractionation.” The occurrence
of fractionation is shown, for example, by the
fact that in a land surface burst the larger par-
ticies, which fall out of the fireball early and are
found near ground zero, have radioactive com-
positicns different from the smaller particles
that ieave the cloud later and reach the ground
some distance downwind. The phenomena that

account for fractionation are not all completely

understood, but models have been developed to
explain the phenomena reasonably satisfactorily.
An example of fractionation is the change in
physical state of fission products, such as
krypton and xenon, as they decay. These two
example products are gaseous if their normal
state and do not combine with other elements to
form compounds. During their radioactive de-
cay, uowever, they form rubidium and cesium,
respectively. These decay products can condense
onto solid particles. In early fallout, the sohd
particles will be depleted not only in krypton
and xenon, but also in their various decay (or
daughter) products. In delayed fallout, small
particles that have remained in the cloud for
some time will have rubidium and cesium, and
their daughters, strontium and barium, con-
densed upon them. Hence, the delayed fallout
will be relatively richer in these elements.

§-16 Air Bursts

Tve surface contamination effects of
faliout from an air-burst weapon are militarily
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insignificant in most cases, because the cloud
carries most of the radioactive weapon debris to
high altitudes. In general, by the time this ma-
terial can fall back to earth, dilution and radio-
active decay decreases the activity to levels that
are no longer militarily important. An exception
may occur in the case of a nuclear weapon cloud
that is intercepted by a rainstorm from above.
This spedal case of fallout, called “rainout™ is
discussed in a subsequent subsection.

517 Lend Surface Bursts (G

The activity avajlable from a nuclear
explosion at a reference time of 1 hour after
burst corresponds roughly to 450 megacuries per
kiloton of fission yield.* )

Roughly half of the available activity is
deposited as early fallout during the first 24
hours following a surface burst. This deposited
radicactivity can extend several hundred miles
from the burst point, depending on the yield
and the prevailing winds. The winds of the upper
atmosphere (the stratosphere) slowly deposit the
remainder of the activity, or the delayed fallout,

over the earth’s surface, mainly in the hemi-
sphere of detonation. The land surface burst is
used as the standard for the developmeat of
deposition patterns and idealized contours that
are discussed below. Adjustments to correct
these idealized contours for bursts in the transi-
tion zone (heights of burst between an air burst
and a surface burst) and for underground bursts
are described in paragraphs 5-22 and 5-23.

This walue ypproximates the activity per kiloton in dis-
integrations per second at one hour. Actual valnes may range
from about 430 to about 450 megacuries, depending on the
fissile material and the peutron spectrum that cavses the fission.
The user may encounter other valoes in various sources, e.g., 550
gamma-megacuries per kiloton at 1 hour afisr explosion. This
Iatter i a fictiticns, but oseful, relationship that rclates the
fission product gamma source (o sn equivalent monoenergetic
source with an caergy equal to the average photon energy of the
fission products at 1 hour after the explosion.

J
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518 Deposition Patterns '

In a complete calm, the fallout con-
tamination would form a roughly circular pat-
tern around the point of detonation. Wind leads
to an elongated area, the exact nature of which
depends upon the speed and direction of the
wind from the surface up to the altitude of the
top of the stabilized cloud. If the direction of
the wind does not vary excessively from the sur-
face up to the taop of the cloud, the ground fall-
ot contours may be characterized by a semi-
circular pattem upwind from ground zero and
an elliptical pattern downwind. The upwind pat-
tern is formed by the rapid settling of the
heavier particulate matter in the stem and ejecta
from the crater, whereas the downwind elliptical
pattern is formed by fallout of smaller and light-
er particles from the cloud.

Complicated wind patterns (wind shear)
as well as variations of the wind pattemn in time
and space may cause extreme departures from a
simple elliptical pattern. Also, the measured
dose-rate contours have frequently been ob-
served to occur in patterns that are best de-
scribed as a series of islands of relatively high
activity surrounded by areas of lower activity.
The most common pattern of this type has been
one in which the higher dose rate contours
appear around two major areas and one or more
smaller areas. One of the larger areas is in the
i—m-diate vicinity of ground zero; the other is
in the general downwind direction from ground
zero. The iocations of the smaller areas of high
activity have not demonstrated patterns that can
be described simply in terms of the wind struc-
ture. The dose rates observed within these high
activity areas have been of comparable magni-
tude whea extrapolated back to some early time
after detonation, such as H + 1 hour. Because of

the earlier arrival of the contaminant, however,

the activities actually observed near ground z2ero
have been higher than in the areas away from
ground zero. A quantitative treatment of such

complicated deposition patterns is possible only
through use of a complex computational model.
The simplified method for obtaining deposition
patterns presented below will not predict these
islands of relatively high activity.

The area covered and the degree of local-
izanion of the contamination also depend to
some extent on the character of the soil at the
burst point. For example, a surface detonation
over dry soil with small particle sizes probably
would result in a larger orea enclosed by low
dose rate contours and a smaller area enclosed
by high dose rate contours than for the average
case. A similar detonation over water covered,
finely divided soil such as clay probably would
result in relatively high dose rate contours cver
larger areas close to the detonation, with a corre-
sponding reduction in the areas of the lower
dose rate contours farther out,

512 |dealized Contours

In any simplified discussion of the areas
affected by residuzl contamination from fallout,
it is convenient to set up a system of contamina-
tion dose rate contours which, although simpl-
fied and idealized, fit actual contours measured
in the field as closely as possible. Figure 5-24
illustrates such a contour system. The idealized
contour shown consists of a nearly semicircular
upwind portion and- a roughly elliptical continu-
ation of the contour in the downwind direction.
The radioactivity in the vicinity of ground zero
is deposited soon after the detonation, largely
from heavy particulate matter, ejecta from the
crater, and soil made radioacive by neutron-
capture reactions. The parameters that define
the contour extent in this region are the upwind
distance and ground zero width. The parameters
that determine the shape of the downwind con-
tours are the downwind distance, maximum
width, and distance to the maximum width. To
define the downward axis, it is assumed that the
downwind direction and extent are determined
by a single wind of constant velocity, the so-
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calied effective wind, as described in paragraph
5-20. Usually wide discrepancy from the ideal-
ized pattern will result if there are large direc-
tional shears in the winds from the surface up to
the altitudes of the stabilized cloud. Such shears
can distort the idealized pattern seriously, so
that, in practice, radical departures from the
idealized patterns can be expected. Figure 5-25

compares the idealized dose rate contour pattern
to the observed pattern normalized to 1 hour
after shot SMALL BOY, a low yield shot in
Nevada during which the wind shear was not
circemres teee weteen winds had an effective
velocity of about 8 knots and an effective shear
of about 30 degrees (effective velocity and effec-
tive shear are defined in paragraph 5-20). The
idealized pattern is shown for an effective veloc-
ity of 10 knots and an effective shear of 15
degrees, for the reasons explained in paragraph
5-20. The downwind distance is expected to
increase and the crosswind distance to decrease
both with an increase i velocity and with a
decrease in shear. These tendencies 2re notice-
ablk in Figure 5-25; however, for this case of low
yield and minimal shear, the idealized contours
stpizaclii a ledasunavle approximation of the ob-
served contours.

5-68

fe—==DISTANCE TO MAXIMUM WIDTH—={
DOWNWIND DISTANCE 1

}

Figure 5-24. (U) Idealized Early Fallout Dose Rate Contour (U}

H Figure 5-26 shows a hodograph of a
typical summer wind structure over Fort Worth,
Texas. This is an example of a severely sheared
wind structure. The average wind speed to alti-
tudes of the stabilized cioud from a 2 Mt burst is
about 10 knots, but, as a result of directional
changes, the effective velccity is only 2.5 knots.
The direction of this effective wind is 43.5
degrees east of north.

Figure 5-27 shows a comparison of the
idealized dose rate contours for a 2 Mt explosion
on the surface and the contours computed by
the “Defense Land Falloui Interpretive Code
(DELFIC)" (see bibliography) for the wind
hodcgraph shown in Figure 5-26 assuming that
the winds stayed constant in time and distance.
While this comparison is not a comparison with
actual data, it is a comparison with the results of
a complex computer code that was developed
independent of empirical data and which has
demonstrated a very good agreemnent with avail-
able data. The general direction as well as the
areas of the two patterns are quite divergent.
This comparison is intended to illusirate the lack
of confidence that can be placed in ihe idealized
contours for prediction of a fallout pattern for a
particular explosion, even if meteorological data

@
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Figure 5-26. ' Hodograph of a Typical Summer Wind Structure
Over Fort Worth, Texas
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at the burst point are known. The contours for
the idealized curves were extrapolated to a speed
of 28 ¥nnts even though extrapolation below
v knots 15 not recommended. On the other
hand, for small yields, or for the case of many
weapons, the total dose predicted by the ideal-
ized contours over large areas probably would
provide a reasonable basis upon which to base
casualty predictions.

520 Dose Rate Contour

Dimensions

Figures 5-28 through 5-37 may be used
tce draw idealized dosz rate contours for land
surface explosions with yields between 0.01 kt
and 0 Mt Sararate sets of curves are provided
tor downwind distance, maximum width, and

—
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downwind distance to maximum width for ef-
fective wind speeds of 10, 20, and 40 knots.
Since actual winds are <eldiom vnidirectinnal
and since the radigactive particles that cover the
area around !zero mnclude many that were not
carried to high altitudes, the ground zero width
is presented independent of wind velocity in Fig-
ure 5-37. The upwind distance is estimated to be
one-half the ground zero contour widths, ie.
they may be represented by a semi-circle,
centered at ground zero, with a radius equal to
one-half the ground zero widih. The dose rate
values obtained from the curves correspond to
the values existing at a reference time of 1 hour

" after burst, 3 feet above a hypothetical smooth,

infinite plane; therefore, they must be reduced
to account- for ground roughness. A reduction

g
st "X . .
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factor of 0.7 is appropriate for reasonably level
terrain. A factor of 0.5 to 0.6 would be more
appropriate for rough and hilly terrain. If addi-
tional shielding exists (e.g., foxholes, buildings,
tanks), additional shielding factors should be ob-
tained from Section VI, Chapter 9.

To obtain the effective wind for use
wi igures 5-28 through 5-36, 2 wind hodo-
graph similar 10 that shown in Figuere 5-26
should be prepared. The vector averages of the
winds from ground zero to the base of the stabil-
ized cloud and to the top of the stabilized cloud
should then be obtained. The average of-these
two average vectors is the effective wind for use
with Figures 5-28 through 5-36. The heights of
the bottom and top of the stabilized cloud are
shown as a function of yizld in Figures 5-38 and
5-39, respectively. For wind speeds between the
values of 1C, 20, and 40 knots that are shown in
Figures 5-28 through 5-36, contour values may
be cbtained by linear interpolation. Extrapola-
tion to values below 10 knots or above 40 knots
is not recommended.

As used herein the term *“‘effective

ear refers to the angle between the average
vectors to the bottom and top of the stabilized
cloud. In the absence of a sufficient quantity of
test data with which empirical curves for deter-
mining the idealized contours could be con-
oo were generated by use of the
Defense lLand Fallout Interpretive Code
(DELFIC) (see bibliography). An effective shear
of 15 degrees was used in the computer calcula-
tions from which the curves of Figures 5-28
through 5-36 were derived. In general, increased
wind velocity tends to lengthen and narow the
pattern, while increased directional shear tends
to shorten and widen the pattern. An effective
velocity and an effective directional shear do not
deline a unique wind structure, ie., different
wind structures could have the same effective
velocity and directional shear. It is not recom-
menges 1n21 any aitempt be made to change the

ATERTIRL ]
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contour values for effective directional shears
different from 15 degrees; however, the user
should be aware that differences from this value
are more likely to result in idealized contours
that are farther from reality than if the shear is
nearly equal to 15 degrees.

521 Decay of Early Fallout [

Fission products are compnsed of a com-
plex mixture of over 200 different forms (iso-
topes) of 36 elements. Most of these isotopes are
radioactive, decaying by the emission of beta
particles, frequenily accompanied by gamma
radiation. About 2 ounces of fission products
are formed for each kiloton (or 125 Ib/Mt) of
fission energy yield. The total radiocactivity of
the fission products initiaily is extremely large
but it falls off rapidly as the result of radioactive

degay.
# At 1 minute after a nuclear explosion,

when the residual nuclear radiation is postuiated
to begin, the gamma ray activity of the 2 ounces
of fission products from a 1 kt fission yield ex-
plosion is comparable with that of abouat 30,000
tons of radium. For explosions in the megaton-
energy range the amount of radioactivity pro-
duced s enormous. Although there is a decrease
from the 1 minute value by a factor of over
6,000 by the end of a day, the radiation intens-
ity still will be large.

Early fallout consists mainly, but not
entirely, of fission products. The following rule
indicates how the dose rate of the actual mix-
ture decreases with time: for every seven-fold
increase in time after the explosion, the dose
rate decreases by 2 factor of 10. For example, if
the radiation dose rate at 1 h. - after the explo-
sion is taken as a reference point, then at 7
hours after {:e explosion the dose rate will have
decreaszd to 1/10; at 7 x 7 = 49 hours (or
roughly 2 days) it will be 1/100;and at 7 x 49 =
343 hr (or roughly 2 weeks) the dose rate will be
1/1,000 of that at 1 hour after the burst.

[
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Another aspect of the rule is that at the end of 1
week (7 days), the radiation dose rate will be
1/10 of the value after 1 day. This rule is accu-
rate to within about 25 percent up to 2 weeks or
50, and is applicable to within a factor of 2 up to
roughly 6 months after the nuclear detonation.
After 6 months, the dose rate decreases at a
much more rapid rate than predicted by this
Tule. .

Information concerning the decrease of
dos= rate in the early fallout can be obtained
from the continuous curve in Figure 540, in
which the ratio of the approximate exposure
dose rate at any time after the explosion to a
convenient reference value, called the 1 hour
reference dose rate, is plotted as a function of
tme in Lours.

Table 5-5 gives the results of Figure 540
in more convenient, although somewhat less
complete, form. The dose rate, in any suitable
units, is taken as 1,000 at 1 hour after a nuclear
explosion; the expected dose rate in the same
units at a number of subsequent times, for the
same quantity of early fallout, is then as shown
in the table. If the actual dose rate at 1 hour (or
any other time) after the explosion is known,
the value at any specified time, up to 1,000
hours, can be obtained by simple proportion.

It should be noted that Figure 540 and
Table 5-5 are used for calculations of dose rares.
Tn Aetermine the total radiation dose received it
1» necessary to multiply the average dose rate by
the exposure time. Since the dose rate is decreas-
ing steadily during the exposure, however,
appropriate allowance for this must be made.
The results of the calculations based on Figure
540 are expressed by the curve in Figure 541,
which gives the total dose received from early
fallout, between 1 hour and any other specified
time after the explosion, in terms of the 1 honr
reference dose rate.

The continuous curve in Figure 5-40,
which represents the d=crease in dose rate due to

Table 5-5. ! Relative Theoretical Doze Rates
from Eerly Fallout at Various Times
After » Nuclear Explosion

Time Relative Tims Reative

(hr) Dose Rate ¢hr) Dose Rate

1 1.000 36 14.0

1-1/2 615 48 - 96

2 435 72 59

3 . 268 100 4.0

5 145 200 1.7

6 116 400 0.75
10 63 600 046
15 40 800 . 033
24 22 1,000 025

gamma radiation from radioactive fzllout. sums
up the contributions of the more than 200 iso-
topes in the fission products and in the activity
induced by neutrons in the weapons materials
for various times after fission. The effects of
fractionation, resulting from the partial loss of
gaseous krypton and xenon (and their daughter
elements), and from -other circumstances, have
also been taken into account (see paragraph
5-15). The dose rates calculated in this manner
vary with the nature of the weapon, but the
values plotted in Figure 5-40 are reasonable aver-
ages when the fallout activity arises mainly from
fission products. The decrease in the dose rate
with time cannot be represented by a simple
equation that is valid at all times, but it can be
approximated to within 25 percent by the
straight dashed lines labeled #1-2 for times be-

“tween 30 minutes to about 5000 hours (about

200 days) after the explosion. After 200 days,
the fallout decays more rapidly than indicated
by the r1-2 (broken) line, so the continuous
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curve should be used to estimate dose rates from
fallout at these times.

(U) While the approximation is applicable,
the decay of fallout activity at a given location
may be represented by the simple expression

D, = 1')1 12,

wkeore 5: is the gamma radiation dose rate at
time 7 after the explosion, and D, is the 1 hour
dose rate, which is also the reference dose rate
that is used in Figures 5-28 through 5-37. The
actual value of D, will depend on the time units,
that is, minutes, hours, days, and so on. In this
chapter, time is generally expressed in hours, so
that the unit time for the reference dose rate D,
is 1 bour.
The curves in Figure 540 and the equa-
tion given above apply so long as there is no
change in the quantity of fallout during the time
interval under consideration. Therefore, it can-
not be used while the fallout is still descending,
but only after it is essentially complete, at the
particular location. i during the time ¢, a2ny fall-
out material is removed, for example, by weath-
e7ing or by washing away, or if any additional
material is brought to the given point by wind or
by another nuclear explosion, neither the curves
nar the ennation will predict the decay of the
tallout acuvity cormrectly. )
Measurements made on actual fallout
from weapons tests indicate that, although the
r!-2 decay represents a reasonable average, ex-
ponents in the range of -0.2 to -2, rather than
-1.2, are sometimes needed to represent the rate
of decay. In fact, different exponents are some-
times needed for different times after the explo-
sion. These anomalies, which apparently arise
from the particular circumstances of the explo-
sion, are very difficult to predict, except in cases
where 2 large quantity of neutron-induced
~=tirity is kacwn to have been produced, cither
in the ground or in weapon components or both.
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Furthermore, fallout from two or more explo-
sions occurring at different times will change the
observed decay rate completely. For measure-
ments made over a long period of time after the
burst, weathering will tend to alter the dose
rates unpredictably. In an actual situation fol-
lowing a nuclear detonation, estimnates based on
either the 11-2 decay rule or even on the con-
tinuous curves in Figures 5-10 and 541 must be
used with caution and should be verified by
actual measurements as frequently as possible.
# In principal, either Figures 54C and
541, or the r1-2 decay equation could be used
to estimate the total dose received from fallout
in a contaminated area, provided that all of the
fallout arrives in a short time. Actually, the con-
taminated particles may descend for several
hours, and without knowing the rate at which
the fission products reach the ground, useful cal-
culations cannot be made. However, after the
fallout has ceased to arrive, either the figures or
the equation will provide rough estimates of
radiation doses up to about 200 days after the
explosion, provided one measurement of the
dose rate is available. After 200 days, the solid
curve of Figure 5-40 together with Figure 5§41
should »e used. However, at such long times
after the explosion, it is not likely that the
standard decay pattern will persist. It is advis-
able to make frequent measurz=ments and 10
degive an appropriate decay scheme.
Table 5-6 shows the percentage of the
mity (residual radiation) doss that would be
received from a given quantity of early -fallout,
computed from 1 hour to various times after a
nuclear explosion. The infinity dose is that
which would be received as a result of continuved
exposure to a certain quantity of early fallout
for many years. These data can be used to deter-
mine the proportion of the infinity dose re-
ceived during any specified period following the
complete deposition of the early fallout from a
nuclear explosion. If the decay followed the

G
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Percent of Time Percent of

(hr) Infinite Dose (hr) Infinite Dose
2 1S 72 68
"4 28 200 78
6 33 500 85
12 44 1,000 89
24 53 2,000 93
48 63 5,000 98

! 2 decay law given above beyond 200 days,
the infinite resadence dose, starting at 1 hour,
would be equal to 5 times the # + 1 hour dose
rate, and this convenient rule of thumb has been
used irequently. However, in view of the more
rapid decay of the actual fission product mix
after about 5,000 hours (see Figure 5-40), a
better rule of thumb is that the infinite resi-
dence dose is equal to 4 times the H + 1 hour
dose rate. .
Figure 5-42 provides a convenient means
or determining the total dose received during
various times ol occupancy of a contaminated
area as a function of time of entry. For purposes
of prediction, the time of entry may be taken to
" be the time of arrival of the falleut. Within the
accuracy of Figures 5-28 through 5-37, this time
may be taken to be equal to the distance from
ground zero divided by the effective wind spesd,
i.e., the buildup of activity during the finite ar-
rival time iz neglected.

522 Bursts in ithe Transition
) Zone

The deposition patterns and decay rate
of the contamination from weapons that are

burst very close to the surface will be similar to
those for a weapon of the same yield burst on

‘the surface. However, as the height of burst in-

creases, the activity deposited locally as fallout
decreases, and the residual contamination result-
ing from the neutron-induced activity becomes
more important. The exact scaling of the fallout
dose rate contour values with height of burst is
uncertain, Residual contamination from tests at
heights of burst immediately above or below
100W°-35 feet has been small enough to permit
approach to ground zero within the first 24 to
48 hours after detonation without exceeding
reasonable peacetime dosages. In these tests the
mass of the tower, special shielding, and other
test equipment contributed to considerable part
of the fallout actually experienced, and neutron-
induced activity in the soil added further to the
total contamination. Thus, for heights of burst
of 100W?-35 feet or greater, contamination
from fallout will probably not be sufficiently
extensive to affect military operations ma-
terially. Figure 5-43 shows this relation plotted
as minimum height of burst versus weapon yield.

" It must not be assumed that even low to inter-

mediate yields will never present a residual
radiation problem when burst above 100W®-35

feet. The neutron-induced gamma acivity can
be intense In a relatively small area around
ground zero. A better idea of the contamination
pattern, dose ratc contour valuss, ond ceccy rote
of the residual radiation from the above types of
explosions generally will be obtained by basirg
the predictions on the induced activity as de
scribed in Section II of this chapter. In view of
the uncertainty involved and the lack of experi-
mental data for high yields burst over land 2t
heights of burst near 100W?-35 feet, a more
conservative estimate of 180W%4 feet may b.
desirable for use under some circumstances as
the height at which fallout becomes neglizible.

A rough estimate of the dose ratc con-
tour values for bursts in the transition zone may

5-75
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be obiained by applying an adjustment factor
from Figure 5-44 to the dose rat: contour values
obtained from Figures 5-28 through 5-37. For
bursts in the vpper quarter of the fallout transi-
tion zone, neutron-induced activity must also be
considered. For bursts in the lower three-
quarters of the transition zone the neutron-
induced gamma activity generally can be neglect-
ed comrzred to the fallout activity.

523 Underground Bursts-

A large amount of residual contamina-
ticn is deposited in the immediate vicinity of the
burst poini affer an underground detonation,
because most of the radioactive material falls
from the column and cloud to the surface rapid-
ly. A very shallow underground burst conforms

- closely to the contamination mechanisms and

patterns described in paragraphs 5-19 and 5-20
fer 1and surface bursts. As depth of burst in-
creases, a greater percentage of the total avail-
able contaminant is deposited as local fallout,
until for the case of no surface venting, all of the
contamination is contained in che volume of
ruptured earth surrounding the point of detona-
tion. B

Figure 545 shows a depth multiplica-
tion factor as a function of scaled depth of burst
fre vwislde hatwasn | kt and | Mt. These factors

B-76

are applied to the linear dimensions of the dose
rate contours for a land surface burst of the
same yield, which must be obtained from Fig-
ures 5-28. through 5-37. This treatment yields
dose rate contours for underground bursts that
have shapes similar to the comparable surface
burst dose rate contours. Although there is some
reason to believe that this is not a valid represen-
tation, this treatment does yield a fair represen-
tation of the total activity deposited in early
fallout pattems. Variations in soil type and
other factors introduce additional uncertainties,
which are reflected by the broad band in Figure
5-45.

524 Beta Radiation -

The hazard from the gamma rays of the
residual radiation generally will exceed that
from beta particles, except in those cases where
intimate contact with beta emitting particles
occurs. Such contact may result when an indi-
vidual lies prone in a contaminated area, or
when particles fall directly on the scalp. Bumns
that range from being superficial to severe may
sesuit from such exposures (sce paragraph 10-27,
Chapter 10). The severity of the bumn will de-
pend both on the intensity of the radiation
source in contact with the body and on the
promptness with which the particles are washed
from the skin, i.e., the length of exposure.
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Problem 5-8. Calu;lation of Fallout Gamma Radiation
Dose Rate Contours for Surface Bursts

Figures 5-28 through 5-37 show ideal-
ized dose rate contour parameters for residual
fallout radiation from surface bursts of weapons
with yields between 0.01 kt and 30 Mt. The
dose rates are given in terms of exposure rate in
rosntgens per hour as calculated by the DELFIC
computer code for a receiver 3 feet above an
infinite plane surface. Within the accuracy of the
data, 1 roentgen may be taken to be equal to 1
rad. The actual exposure will be about 0.7 times
that shown for the plane surface if the terrain is
smooth, and 0.5 to 0.6 times the values for the
plane surface if the terrain is rough or hilly. The
basic data are presented for weapons from which
all the yield results from fission; but, as de-
scribed below, the data can also be used to
obtain fallout contours for weapons for which
the fission yield is only a fraction of the total
yield, and for which essentially all of the con-
tamination produced (90 percent or more) re-
sults from fission products. The dose rate values
are given for a reference time of H + 1 hour. The
more distant parts of the larger contours do not
exist at 7 + 1 hour, begause the fallout that
eventuaily reaches some of these- more distant
areas is still airbome at that time. The dose rate
cominnee Aa exist zi later times when fallout is
complete, but with dose rate contour values
reduced according to the appropriate decay fac-
tor from Figure 5-40. Visual interpolation may
be used for dose rate contour values betwsen
those for which curves are given. Extrapolation
to dose rate contour values higher or lower than
those shown in the families of curves cannot be
done accurately and should not be atiempted.

An approximate estimate of the area
wi particular dose rate contour may be cal-
culated by assuming that the roughly elliptical
contour obtained by plotting the parameters

given in Figures 5-28 through 5-37 is an ellipse.
The formula for this area is: Area = mab/4 where
a is downwind distance plus upwind distance,
and b is maximum crosswind distance. It mus
be realized that the dose rate contours ar -5t
true ellipses, and that this formula is oni, an
approximation.

The decay factors from Figure 54
should be used to obtain dose rate values fc
times other than A + 1 hour. To obtain contot
values for effective winds other than those giv. .
in the curves, that is, 10, 20, and 40 knots,
linear interpolation may be used. Thus, the
downward distance for a 30 knot effective wind
speed would be midway between the 20 knot
and 40 knot downwind distances.

Contour shapes and sizes are a function
0, e total yield of the weapon, whereas the
dose rate contour values are determined by the
fission yield. Thus, if only a fraction of the total
yield of the weapon results from fission, and this
fraction is known, Figures 5-28 through 5-37
may be used to estimate fallout contours result-
ing from the detonation of such a weapon. The
dose rate for the dimension of interest as read
from the figures opposite the total yield must be
multiplied by the ratio of fission yield to total
vield to obtain the true dose 1ate value for that
dimension. Similarly, to obtain contour dimen-
sions for a particular dose rate, the value of the
desired dose rate must be divided by the ratio of
fission to total yield, and the dimension of the
resultant dose rate read from the figure opposite

. otal yield.
o o W
iven: A hypothetical weapon with a total

yield of 600 kt, of which 200 kt results from
fission, is detonated on a land surface with 10
knot effective wind conditions.
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Find: The contour parameters for a dose
rate of 50 rads/kr at H + 1 hour reference time
over rough, hilly terrain. .

Solution: The 50 rads/hr contour for a fis-
sion yield to total yield ratio of 200/600 = 1/3
corresponds to the contour of 50 = 1/3 = 150
rads/hr for a weapon for 600 kt fisson yield.
The dose rate above contaminated rough and
hilly terrain is about one-half that above an ideal
smooth plane. Thus the desired contour param-
eters can be obtained by entering Figures 5-28,
5-31, 5-34, and 5-37 with a yield of 600 kt and

‘reading the parameter values corresponding to

an K + 1 hour dose rate of 2 x 150 = 300 rads/hr
(tae factor 2 corrects for the rough, hilly

terrain). .
Answer: The H + 1 hour dose rate param-
eter values are shown below.

Reliabiliry. The degree to which wind
and other meteorological conditions affect these
contour parameters cannot be overemphasized.
The contours presented in these curves have
been idealized in order to make it possible to
present average, representative values for plan-
ning purposes. Due to these limitations, a mean-
ingful percentage reliability figure cannot be
assigned to the idealized fallout pattern.

W reicicd Marerial See paragraphs 5-17
through 5-20.

Parameter Value

for a 10 Knot
Source Effective Wind
Parameter Figure (miles)
Downwind Distance 5-28 80.0
Maximum Width 5-31 5.0
Distance to 5-34 25.0
Maximum Width
Ground Zero Width 5-37 44
Upwind Distance 5-37* 22

"Upwinddisme:equﬂ:ano-hlfth:pwndzmwidth.
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Problem 5-9. Calculation of Fission Product Decay

-Figure 5-40 provides fission product °

decay factors as a function of time after burst.
The dose rate at any time can be obtained by
multiplying the H + 1 hour dose rate by the
appropriate decay factor from Figure 5-40. The
decay curve also may be used to determine the
value of the H + 1 hour dose rate from the dose
rate measured at a later time. In this case the
measured dose rate is divided by the appropriate
decay factor.

d Example 1 -

Given: The dose rate at a given point at 1
hour after 2 nuclear explosion is 500 rads/hr.

Find: The dose rate at that point 12 hours
after'the explosion.

Solution: From Figure 5-40, the decay fac-
tor at 12 hours is 0.05.

LY

Answer: The dose rate at 12 hours is

500 x 0.05 = 25 rads/hs.

- Example 2 .

Giver: The dose rate at a given point 10
hours after detonation is 72 rads/hr.

Find: The dose rate at the same point 1
hour after the detonation.

Solution: From Figure 5-40, the decay fac-
tor at 10 hours is 0.06.

Answer: The dose rate at 1 hour is

72

0.06 = 1,200 rads/hr.

Related Material, See paragraph 5-21.
ee also Figure 5-42.
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Problsm 5-10. _cilculation of Gamma Radiation
Dose 25 a Function of Time

Figure 5-41 shows the integrated gamma
dose received in a fallout-contaminated area as 3
function of time after H + 1 hour (~0.042 day).
This curve was generated by integrating the solid
curve of Figure 340, If the true dose rate at
some time between H + 1 hour and H + 1,000
days is known, Figure 541 can be used to esti-
mate the dose accumulated during any time
interval in this time range, provided the fallout

decays as shown in Fi 5-40. -
’ i Example im
iven: A dose rate of 20 rads/hr is measur-

ed in a Fallout contaminated area 4 hours after
the explosion (fallout had ceased to arrive at this
time).

Find: The dose received by personnel who
enter the area at H + 4.8 hours and remain for
2.5 hours before leaving the area.

Solution:

H+ 48 hr = H + 0.2 day
H+48 +25)  hr=H + 73 Ir

= & + 0.304 day

From Figure 541, the normalized dose that
would be received between H + ] hour and H +
0.304 day is 1.55. Similarly, the normalized
dose received between F + 1 hour and H + 0.2

&ay is 1.3. Therefore, the normalized dose re-
ceived by these personnel between H + 0.2 and
H + 0.304 day would be:

155 - 1.3 = 0.25

To convert this to actual gose received, use is
made of the H + 4 hour dose rate (20 rads/hr).
From Figure 540, the normalized dose rate at H
+ 4 hour is found to be 0.18. The H + 1 hour
dose rate is

20

m= 111 rads/hr.

Answer: The dose that the personnel can
expect to receive is found by multiplying the H
+ 1 hour dose rate by the normalized dose ob-
tained from Figure 5-41:

111 x 0.25 = 28 rads.

NOTE: The dose calculated above is only the
dose received during the stay at the particular
spot in question. Additional dose would be
accumulated during entry and exit. The amount
of the additional dose would depend on the
means of transportation and the size of the con-
taminated area,

Related Matericl. See paragraph 5-21.
See Figure 542,
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Problem 5-11.

Calculation of Total Gamma Radiation

Dose Received in a Contaminated Area

. Figure 5-42 gives the total dose received
if 2 contaminated area is entered at a specified
time and occupied for a specified interval of
time. The vertical axis gives the accumulated
dose for each unit (rads/hr) of dose rate at one
hour after the detonation. The various curves
represent time of stay in the contaminated area.
To determine the accumnulated dose, a f=<tor is
taken tfrom the vertical axis corresponding to the
time of entry and the time of stay. The product
of this factor and the dose rate at one hour is
the accumulated dose.
Exampie
iven: The dose rate in a given area at 1

hour after a nuclear explosion is 500 radsfhr.

Find: The total dose received by a man
who enters the area 2 hours after the explosion
and remains 4 hours.

Soluticn: From Figure 5-42, the intersec-
tion of the line for a time of entry of 2 hours
after burst with the 4 hour curve gives a factor
of 0.8.

Answer; The zccumulated dose is:

500 x 0.8 = 400 rads.

Related Material See paragraphs 5-21.
See also Figures 540 and 541.
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Problem 512. Calculation of Fallout Gamma Radiation Dose Rate
Contours for Bursts in the Transition Zone

- Figure 543 may be used to determine
whether or rot a burst is in the transition zone,
i.2., below a height of burst of 100W9-35 feet.
Burst heights below the curve in Figure 543 are
in the transition zone. Burst heights above the
curve are air bursts. In some situations, it may
ke dosieabla re consider bursts below 180W0-4
fert to be in the transition zone for conservative
estimatcs. The means for doing this are discussed
below. When a burst occurs in the transition
zone, an approximation of the resulting fallout
contamination pattemns may be obtained by
multiplying the dose rate contour values for a
contact surface burst weapon of the same yield
by an adjustment factor from Figure 544. The
curves of Figure 5-44 were constructed under
the assumption that the ratio of the dose rate
values from a burst in the transition zone to the
dose rate values for the same contour from a
surface burst are proportional to the ratio of the
volume of a segment of a sphere intercepted by
the ground surface to the volume of the hemi-
sphere, where the radius of the sphere is
100W0-35 feet, ie.,

-

(100 - “-%3)2 (200 + ;-o’;—s)

2x 108 ’

Adincrment Farfor =

where A is the actual height of burst in feet, and
W is the total weapen yield in kilotons.

In view of the lack of data from bursts
in the transition zone over a land surface, a more
conservative estimate may be desired. In this
case, the height of burst for the upper limit of
the transition zone is taken to be 180W9-# feet.
The adjustment factor to be applied to dose rate
values for the same contours from a surface
burst of the same vield can be calculated from:

h ( h
180 -W \3& + —up—A)
Adjustment Factor =
1.17x10’

Example

Given: A hypothetical weapon with 2 tetal
yield of 600 kt, of which 200 ¥t resnlte from
fission, is burst 560 feet over a land surface with
10 knot effective wind conditions.

Find: The contour parameters for a dose
rate of 15 rads/hr at H + 1 hour reference time
over smooth terrain.

Sotution: From Figure 543, a 600 kt
weapon burst below about 940 feet would be in
the transition zone. A height of burst of 560
feet is less than three quarters of the liniting
altitude of the transition, so fallout is the orly
residual radiation to be considered. The 15 rads/
hr contour for a fission yield to total yield ratio
of 200/600 = 1/3 corresponds to the contour for
15 + 1/3 = 45 rads/hr for a weapon of 600 kt
fission yield. The dose rate over reasonably level
terrain is about 70 percent of that over an ideal
smooth plane. Thus, the ideal stnooth plane con-
tour parameters for this weapon burst on the
surface would correspond to

a5
0.7

From Figure 544 (or from the normal adjust-
ment factor equation given above) the height of
burst adjustment factor for a 600 kt weapon
burst at 560 feet is 0.21. Therefore, the desired
contour parameiers can be obtained by entering
Figures 5-28, 5-31, 5-34, and 5-37 with a yicld
of 60C kt and reading the parameter values cor-
responding to an H + 1 hour dose rate of
64

ﬁ = 300 rads/hr.

= 64 rads/ar.



hid 1 Bl M | W-v""""

‘a8 [l

Larerty AR T e s

Answer: The H + 1 hour dose rate param-
eter values are shown below:

Parameter Value

for 2 10 Knot
Source Effective Wind
Parameter Figure (miles)
Downwind Distance 5-28 80.0
Maximun Width 5-31 9.0
Ubance Lo 5-34 250
Masimum Width
Ground Zero Width 5-37 44
Upwind Distance 5-37* 22

_‘Upwind distance equals one-half the ground zero width.

NQTE: These are the same dose rate contour

parameters that were obtained in Problem 5-8
for the 50 rad/hr contour from an identical
weapon burst on the surface of rough, hilly ter-

Reliabiliry. There is little data to sup-
port the height of burst comrection factors. Addi-
tionally, the degree to which wind and other
meteorological conditions affect these contour
parameters cannot be overemphasized. The con-
tours presented in these curves have been ideal-
ized in order to make it possible to present aver-
age, representative values for planning purposes.
Due to these limitations, 2 meaningful per-
centage reliability figure cannot be ussigned to
the idealized fallout pattern.

Related Material, See paragraphs 5-17
through 5-22.
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Problem 5-13.

Calculation of Fallout Gamma Ray Dose

Rate Contours for Underground Bursts

- Figure 5-45 presents depth multiplica-
tion factors for the surface burst contour param-
eters in Figures 5-28 through 5-37. If the weap-
on yield and depth of burst in Jand are known, a
multiplication factor can be determined from
this curve, or a range of values can be deter-
mined for deep bursts. The idealized contour
parameters of a surface burst of the samre yield
are multiplied by this factor to obtain idealized
contour parameters for the underground burst.
Figures 5-28 through 5-37 must be used
to obtain surface burst parameters. These curves
present idealized contour parameters for various
effective wind speeds and for yields from 0.01
kt to 30 Mt. These parameters are for a refer-
ence time of one hour after detonation on an
infinite smooth plane. Since these surface burst
parameters must be used to determine contours
for underground bursts, all conditions that apply
to Figures 5-28 through 5-37 also apply to the
resulting underground burst contours. For
example, to obtain dose rate values for times
other than A + 1 hour, adjustment procedures
are the same for underground bursts as those for
surface bursts as discussed in the explanatory
text for those figures,

Figure 5-45 shows the depth multiplica-
tinn tactor s a finction of depth of burst for a
i X explosion. Factors may be obtained for

Surface Depth Underground
Source Burst Value Multiplication Burst Value
Parameter Figure (statute miles) Factor (statute miles)
Downwind Distance 5-29 350 12 420
Maximum Width T 5-32 14 12 1.7
Distance to 5-35 . 180 12 21.6
Maximum Width
Ground Zero Width 5-37 14 12 1.7
Upwind Distance 5-37 0.7 12 08
5-10%

ot jields by the scaling procedures.
Scaling. For yields other than 1 kt, scale
as follows: db
db, =

W
where db, is the depth of burst for 1 ktand
is the depth of burst for a yield of W kt. On
the eguivalent depth of burst for 1 kt has been
determined, the depth multiplication factor may
be read from Figure 5-45. This factor is applied
to dose rate contour values obtained from Fig-
ures 5-28 through 5-37 for a yield of W kt.
Example

Given: A 20kt explosion at a depth of 135
feet under 20 knot effective wind conditions.

Find: The idealized dose rate contour
parameters for a dose rate of 100 rads/hr at 1
hour after the explosion.

Solution: The equivalent depth of burst for
a 1 kt explosion is

db, =2 = 23 _ 5o
wll3

(20)1:’3
From Figure 545, the depth muliiplication fac-
tor corresponding to this depth of burst fora |
kt explosion is 1.2.

Answer: The H + | hour dose rate param-
eters for a 20 kt explosion at a depth of 135 feet
are shown below:
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- Religbility. The limitations present in
Figures 5-28 through 5-37 and the treatment of
surface bursts apply to this treatment of under-
ground bursts. Also, more stringent restrictions
maust be placed on the use of this treatment of
underground bursts. In the absence of sufficient
data, the resulis of a complex computer code
were used to generate the idealized dose rate
parameter contour vajues for surface bursts, The
results of an equivalent code are not available
for underground bursts. Thus, the dependence
of the size and shape of a particular contour on

depth of burst cannot be predicted in detail,

5-102

even under the restrictions of the idealized
mode] presented here. Variations in soil type
also are expected to affect the fallout pattern of
underground bursts to a greatsr degree than sur-
face bursts, but there are little data to substan-
tiate this beliel. Some of the uncertainties are
reflected oy the shaded region in Figure 545,
Although the pre.ictions cannot be considered
reliable, thi. tcaument should give a rough pic-
ture of the general behavior of the faliout pat-
te

Related Material. See paragraphs 5-18
through 5-21 and paragraph 5-23. See also Prob-
lem 5-8 and Figures 5-28 through 5-37.
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RESIDUAL RADIATION FROM
WATER SURFACE AND
UNDERWATER BURSTS -

‘ The distinction between initial and resi-

dual radiation from underwater bursts is much
fess distinct than it is for air bursts or land sur-
face or subsurface bursts. The radiation accom-
paliving Uie base surge expands sufficiently
rapidly as to become merged with what is nor-
mally considered initial radiation. In the case of
water surface bursts, the distinction between
initial and residual radiation is somewhat more
clear cut, but in most cases the residual radiation
will not be of great significance.

525 Water Surface Bursts ()

A base surge (paragraph 2-75, Chapter 2)
is not expected to form as a result of a water
surface burst, consequently a separation be-
tween initial and residual nuclear radiation can
be made as in the case of a land surface explo-
sion. An approximation of the initial nuclear
radiation dose may be obtained from Figures 5-9
through 5-17 in Section I of this chapter. It
must be emphasized, however, that the dose so
obtained will be an approximation. The curves
of Figures 5-9 through 5-17 are based on exten-
sive fImmputir :Zoulations for a receiver on or
near a land surface. These calculations included
the effect of the ground-air interface, and a
number of comparisons with measured data have
substantiated the validity of the calculations. A
limited number of comparisons of the same
computer calculations have also indicated good

" agreement with initial gamma rdy dose measure-
ments made near a water surface after high yield
explosions; however, these were not true water
surface explosions, and no comparisons with
neutron dose are available. Thus, in the absence
of data and in the absence of comprehensive
coTaputer calculations, the curves of Figures 5-9
through 5-17 provide the best available data for

5-104

simplified calculations of initial nuclear radia-
tion dose from water surface bursts.

For yields of more than a few kilotons,
the cloud from a sea water surface burst is sir.’-
lar to that from a land surface or low air burst of
the same yield. The cloud height and horn.or:al
extent are determined poimarily by the yield and
by atmospheric conditions. For megaton yields,
the maximum cloud height may be somewhat
greater than that for a land surface burst, as a
result of the release of latent heat from con-
densation of vaporized sea water. For very low
yields, tt is possible that the maximum cloud
height may be less than for 2 land or low air
burst, as a result of interference from the dis-
turbed water. It is also possible, under certain
atmospheric conditions, that the sea salt raised
and dispersed in the atmosphere by low yield
explosions may have a cloud-seeding effect. In
this event, the water burst could produce a
larger, higher cloud than a land burst, and the
dispersion of salt would trigger a rainout of
radigactivity.

The possible cloud seeding described
above is only one example of the extreme sensi-
tivity of fallout from water surface bursts to
atmospheric conditions, especially relative
humidity. This sensitivity results from the
hygroscopic (water-absorbing) nature of the fall-
out particles. These particles consist mainly of
sea salt and water. When dry, they are generally
much smaller and lighter than fallout particles
from land surface bursts. Because water burst
particles are smaller than those from land bursts,
water bursts produce less close-in fallont than
land bursts. In pariicular, water bursts, unlike
land bursts, generally will not produce a region
of intense fallout (several thousand r/hr) near
surface zero. The one possible exception is a
water burst in an extremely humid atmosphere.

Water surface bursts are even less likely

o produce regular cigar-shaped fallout patterns
than land surface bursts. The effect of atmo-

™)
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spheric humidity introduces further irregularities
in fallout patterns. Also, because water surface
burst particles take longer to fall than particles
from land suface bursts, wind and weather con-
ditions are more likely to change during the time
of fallout transport and deposition. It is often
difficult to define a downwind direction in the
fallour pattern. The apparent downwind direc-
tion may vary with yield and with time after
burst at which the pattern is observed or
calculated.

In almost 2ll cases, the region of maxi-
mum deposit intensity is not around surface
zero but considerably downwind. Thuy, fora 10

" Mt burst, the calculated region of a normalized

dose rate of at least 300 r/hr at 1 hour extends
from about 125 to 300 miles from surface zero.
The dose rate would, of course, be much lower
at the time of arrival and would vary throughout
the area as a result of varying arrival times.

As material in the cloud rises, it cools by
eniraining ambient air, and by expanding with
increasing altitude. Fallout particles form by
condensation of vapor and grow by coagulation;
that is, by collision and adhesion of smaller par-
ticles to form larger particles. The vapor conden-
sation may be considered a 3-stage process.

In the first stage, calcium and magne-
sium from the sea water and iron, and other
metals from the weapon condense as oxides. In
the carand stage sodium chloridz, which is about
90 percent of dried sea salt, condenses on the
nuclei provided by the stage 1 particles. In the
third stage, water vapor condenses to liquid
water or to ice, on the stage 2 particles.

The median diameter of the stage 1 par-
ticles is about 1 micron contrasted to a few
hundred microns for a land surface burst. The
size is expected to increase slightly with yield,
because the particles are formed by diffusion
onto nuclelr while the fireball is cooling by
thermal radiation. The larger the fireball, the
slower the cooling rate. The slower the cooling

rate, the more time is available for diffusive
growth.

During and after the three condensation
stages, coagulation causes particle growth. Par-
ticles of sub-micron size coagulate as a result of
Brownian motion. Somewhat larger particles
coagulate due to turbulent accelerations in the
cloud. Turbulent coagulation only appears to be
of importance in clouds from megaton bursts.
Even larger particles grow by gravitationai
coagulation; that is, as they fall through the
cloud they overtake and capture smaller par-
ticles. Gravitational coagulation is particalarly
important for low-yield bursts in humid atmo-
spheres. The process is similar to one of the
mechanisms 1o+ growth of ordinary raindrops.
The largest pariicles formed, i.e., those from low
yield bursts in a humid atmosphere, may have
actual diameters of 2,000 microns. Particles of
this size fall out of the cloud rapidly. Thus,
there is a practical limit on the growth of par-
ticles in the cloud.

Moisture effects play a dominant part in
water surface burst fallout. In general, the more
humid the atmosphere, the more radioactivity is
deposited as close-in fallout. Most of the mois-
ture contained in the clouds of low yield bursts
comes from entrained air. Consequently, the
higher the humidity. the grezter the cloud mois-
ture content. In turn, the salt particles absorb
more water, and, as they get larper, gravitational

coagulation proceeds faster.
i Moisture not only has a direct effect on

parlicle formation, but also has an indirect ef-
fect on cloud height. The top of the cloud from
2 20 kt water surface burst in a very humid trop-
ical atmosphere mzy reach the tropopause at
about 55,000 feet. In a less humid atmosphere,
the cloud from a burst of the same yield may
rise less than half as high (see Figure 5-39). Salt
particles absorb moisture from huvmid air; the
moisture evaporates when the particles are
exposed to relatively dry air. Consequently the
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size, falling rate, and time and place of deposit
of water surface burst fallout particles vary with
the atrnospheric humidity the particles en-
counter during their trajectories. As the particles
izll, they usually shrink by evaporation and may
pecome comgletely dry, with a diameter of at
most 100 to 200 microns. They then fall very
siowiy. and move large horizontal distances as a
rooult of the forces exerted by the wind. Finally,
tne particies reach the more humid air near sea
level, begin to grow by absorbing moisture, and
fall faster. Thus, although particles from a mega-
ton burst may leave the cloud with a water con-
tent almost entirely derived from sea water, this
water may evaporate completely during fall, and
the water content of the particles that reach the
surface is entirely atmospheric moisture. An

_ exception to this situation could occur for a

burst in an arctic atmosphere. The cold air retards

evaporation, even if humidity is low, and some

of the original sea water could remain on the
articles.

Maximum fallout intensity, as well as
the arsa covered by fallout from a water surface
busst increases with weapon yield. For yields
between 1 kt and 100 kt, the normalized H + 1
hour exposure rates are expected-to be negli-
gible. The highest normalized intensities from a
100 kt explosion are expected to be more than
su roentegens per hour (r/hr), but less than 100
r/lu. The highest intensities from a 1 Mt burst
are expected to be over 100 r/hr but less than
300 r/hr. Finally, a 10 Mt burst is expected to
produce intensities over 300 r/hr, but less than
1,000 r/hr. Since all of these exposure intensities
are normalized to H + 1 hour, and the fallout

‘ will arrive at significantly longer times after

a'

burst for the larger yields (depending upon the
wind), the radiocactivity will have decayed to
much smaller levels prior to the time of arrival
and faliout generally is not expected to be a
governing effect from water surface bursts.

. .
-— .
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526 Underwater Bursts ()

An underwater burst creates a highly
energetic bubble, whose history determines the
major above-surface effects. For very shallow
explosions, the bubble expands through the
water surface with a high internal pressure, and
develops a hollow column through which the
bubble blows out into the atmosphere in the
form of a cloud at the coluinn top. For a some-
what greater depth, the bubble expands through
the water surface at lower internal pressure and
a column again forms, but no blowout occurs.
Transition from columnar formations to plume-
like eruptions, hemispherical in shape, takes
place as the depth increases. The migration of
the underwater bubble through the surface near
its minimal phase at or shortly after its
maximum-expansion phase creates the plumes.
For deep explesions, the bubble may experience
several oscillations as it migrates upwards. 1f the
explosion is very deep, the bubble will degen-
erate and break up before reaching the surface.
It is possible that an explosion may take place at
such a great depth that little, if any, disturbance
will be noted on the surface.

The ejected water, whether a column or
a plume, will fall back to the surface rapidly.
This massive subsidence creates a radially ex-
panding aerosol cloud, or base surge, at the
water surface. The base surge expands as a ring
or disk until it dissipates energy received from
the subsidiary plumes or columns. After expand-
ing, it drifts with the surface winds. Some evi-
dence suggests the base surge has the same initial
bulk density as that of the plumes or columns
from which it is formed, being several times the
density of air. As it travels downwind, it will
react to the existing atmospheric conditions;
€.g., evaporating or devcioping into low-cloud
formations. These physical phenomena are de-

- scribed in more detail jn Section IV, Chapter 2.

- Three sources of radioactivity are the



major contributors to the radiation above the
surface subsequent to an underwater explosion:
initial, above surface nuclear radiation; base
surge; and residual radioactivity deposited in the
mixed layer of the ocean. These sources are very
time dependent, and they are affected by atmo-
sphenc and oceanic variables.

MBYR Even for a shallow underwater explosion
th® neutron and secondary gamma portions of
the initial nuclear radiation are essentially negli-
Eiow . T nutial above-surface source includes the
fission product activity contained in the visible
column and crown, or plume. This source ¢on-
tains radioactivity ejected into the atmosphere
as a result of underwater hydrodynamic phe-
nomena. The scaled depth of burst is a major
factor in determining the extent to which this
initial radiation contributes to the total above
surface exposure. The rapid development and
spread of the base surge (paragraph 2-75,
Chapter 2) causes the initial and residual radio-
activity from an underwater burst to merge into
one more or less continuous source.

The base surge develops as a result of
boln underwater flow phenomena and the col-
lapse of the water masses associated with the
initial source. This radially expanding surge
grows to large dimensions as a dense, fog-like
aeroso] carrying with it a substantial fraction of
suspended fission products. This source is either
annular or disk-shaped in geometry and extends
1rom the ocean surface to a height of several
thousand feet. The base surge is influenced
strongly by the wind, moving as an entity at the
existing wind speed and direction. Initially it is
highly radioactive; however, as it expands and
dilutes, the concentration of the fission products
decreases. This dispersion, coupled with rapid
radioactivity decay, results in comparatively low
exposure rates by the first half-hour after burst.

The residual radioactivity in the surface
layer of the ocean is the third, and final, major
source of radiation. This radioactive pool is

moved by the local currents, which depend on
the existing oceanographic conditions. The pool
is initially a disk which upon expansion approxi-
mates an annulus, although at times significantly
later than a half-hour, it reverts to an irregular
disk shape. Eventual mixing down to the top of
the thermocline and the action of horizontal tus-
bulent diffusion result in rapid diiution of the
pool, reducing its hazard as time progresses.

The gamma radiation hazard created by
the initial source, basc surge, and pool resulting
from an underwater nuclear explosion varies sig-
nificantly with weapon yield and burst depth,
proximity of the ocean bottom to the point of
detonation, wind velocity and carrent velocity.
Consequently, a description of the radiation
fields (exposure rate and total exposure) associ-
ated with an underwater burst is complex, and
no simplified prediction system suitable for
general application has been developed.

- A prediction system, DAEDALUS, has
been developed to compute the rad.ological ef-
fects of underwater nuclear bursts. In this sys-
tem, all above-surface sources, as well as the
radioactive pool, are approximated by cylinders
homogeneously contaminated with mixed fis-
sion products. The dimensions, water concentra-
tions, and fission product contents of these
cylindrical sources are estimated from empirical
and theoretical considerations. Having defined
the radioactive sources, DAEDAILUS calenlates,
for each time of interest, exposure rates from
these sources at specified detector locations. At
each location the exposure rates are summed
over time and the total exposure is thus cumn-
lated. In the al'sence of a simple prediction
system suitable for inclusion in this manual,

.examples of the results of DAEDALUS calcula-
‘tions are presented to provide an appreciation of

the potential magnitude of the problems associ-
ated with radioactivity from underwater nuclear
bursts.
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Table 5-7. - Examples Selected for Base Surge and Pool Exposure Rates .

Explosion Depth of
Yield Depth Water Base Surge Pool
kt) (ft) (fv) Figure Number Figure Number
10 65 5,000 5-45 5-52
10 65 65 547 5-53
10 150 5,000 5-48 5-%4
10 500 5,000 5-439 5-55
10 1,000 5,000 5-50 5-56
10 1,500 5,000 5-51 . 5-57

A yield of 10 kt was selected to illus-
trate the effects of depth of burst and water
depth on the time dependence of the gamma ray
_=xposure rates from the base surge and the pool.
Table 5-7 shows combinations of depth of burst
and water depth that were selected. Table 5-7
also indicates the corresponding figures that
show exposure 7ates as a function of time and
radial distance from the source for the base
surge and the pool respectively. A no-wind en-
vironment was chosen for these examples, and,
in the case of the pools, a no-current environ-

ment was assumed.

- Figures 5-58 through 5-75 show the ac-
cumulated exposures for two scaled depths (d
~ 30W!/3 and d, = 280W'/4), comresponding
to very shallow and deep explosions, respective-
ly (Figure 2-105, Chapter 2). The doses are
shown for 1, 10, and 100 kt explosions at each
scaled depth. Two minute, 10 minute, and 30
minute exposures are shown for each yield at
each scaled depth. In all cases it was assumed
that the depth of the water was 5,000 feet, the
effective wind was 15 knots, and a no-current
condition existed. Table 5-8 identifies the figure
for each combination of yield, burst depth, and
exposure time.

Table 5-8. E Examples Sclected for Total Exposure .

Explosion EXPOSIITE T e
Yicld Depth -
(k1) [$33] 2 Minutes 1C Minutes 30 Minutes
1 30 Fig. 5-58 Fig. 5-59 Fig. 5-60
10 65 Fig. 5-61 Fig. 562 Fig. 5-63
100 140 Fig. 5-64 Fig 5-65 Fig. 5-66
) 280 Fig. 5-67 Fig. 5-68 Fig. 569
16 S00 Fig. 5-70 Fig. 5-71 Fig. 5-72
100 £90 Fig. 5-73 Fig. 5-74 Fig. 5-75
5-108
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!{ DOSE RECEIVED WHILE
ING THROUGH A
NUCLEAR CLOUD -

The radioactive nuclear cloud represents
a potenuial hazard to crews of aircraft that fly
through the cloud. The dose that a crew might
receive will depend upon many variables includ-
ing the time after burst (which determines the
intensity of the radiation as well as the size of
tiie cloud), the portion of the cloud traversed,
and the length of transit time through the cloud.
After stabilization, the particles that
mane up the radioactive cloud will travel with
the winds as they fall, and, since the wind speed
and direction are both likely to vary with alti-
tude and time, the size and shape of the cloud
can only be described by complex computer
codes that can accept temporal and spatial varia-
ticns in weather data. No simple idealized shape
can describe the cloud adequately. Even during
the time of cloud rise, the winds will act on the

particles, and the cloud probably will not stabil-
ize directly above ground zero; however, the
shape can be approximated roughly by a right

_circular cylinder, with a stem of smaller diam-

eter below it, at the time of stabilization. Fig-
ures 5-76 through 3-78 show the cloud diameter,
the height of the cloud bottom, and the Leight
of the cloud top, respectively, as functions of
time after burst for various yields. These figures
allow approximatio::= of the cizud dimensions

during the first few minutes after an explosicn.
‘ Even if the cioud geometry were known,

no satisfactory model exists from which simple
scaling procedures could be developed to predict
the dose received while flying through the cloud.
Figure 5-79 shows estimates of the transit dose
as a function of transit time for several entry
times. These estimates were extrapolated from a
limited amount of test data. The relative hazard
for flight through the stem is even less certain,
but it is believed to be less than that from flight
through the center of the cloud.
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Problem 5-14. Calculation of Dosa Received While Flying
Through a Nuclear. Cloud

The curves in Figure 5-79 show the total
dose received while passing through nuclear
clouds at various times after burst. Figures 5-76
through 5-78 provide the dimensions of the
clcud as a tunction of time after burst.

é Lxampte

Given: An aircraft flying at 235 knots at an
altitude of 23,000 feet passes through a nuclear
cloud from a 50 kt weapon S minutes after the
explosion.

Find: The probable maximum exposure of
the crew, assuming that the shielding of the air-
craft structure is negligible.

Solution: From Figure 5-77, the height of
“the cloud bottom will be about 16,000 feet 5
minutes after a 50 kt explosiorn, and from Figure
5-78, the corresponding height of the cluud top
is 30,000 feet. Thus, the aircraft is flying at an
altitude corresponding to the vertical center of
the cloud. The maximum dose (corresponding to
maximu.n transit ime) will occur if the aircraft
flies through the horizontal center of the cloud,
i.e., if the aircraft traverses the entire diameter.
From Figure 5-76, the diameter of a cloud from
a 50 kt explosion will be 2.7 miles at 5 minutes
after the buret The aircraft speed is

235 x 1.15 = 270 mph.

5-130

The transit time is

2.7
270 - 001 hr

= 0.6 min.

Answer: From Figure 5-79, with an entry
time of 5 minutes and a transit time of 0.6
minutes, the expected dose is 37 rads. The maxi-
mum dose might be twice this value (see Reli-
ability below), or

2 x 37 = 74 rads.

- Reliability. The doses obtained from
Figure 5-79 are estimated to be accurate within
a factor of 2 for flight paths that pass near the
cloud center. If the path is near the cloud
boundary, the predicted dose probably will be
higher than the actual dose, although the magni-

tude of the error is unknown. Additional uncer-
tainties of unknown magnitude are introduced
by the prediction of the cloud size, but these
uncertanties are not believed to be large for
times of entry soon after burst and for short
transit times.

Related Material: See paragraphs 5-15
through 5-19.
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-PRECIPITATK)N EFFECTS -

- As mentioned in paragraph 5-16, the sur-
face conlamination from an air burst weapon

will be militarily insignificant in most cases. The
radioactive pariicles remaining from the weapon
debris are extremely small, having diameters that
range roughly between 0.01 and 20 micro-
meters. The weapen cloud carries these particles
to high altitudes, with the exact altitude being
aepeiaen on e weapon yield and atmospheric
conditions. These particles are too small to fall,
but they can diffuse downward and can be
deposited by atmospheric turbulence processes.
In the absence of precipitation, the deposition
process takes place over sufficiently long periods
of time that the cloud will have spread over a
Jarge volume as a result of diffusion and the
action of winds at different levels, thereby re-
ducing the particle concentration. Over this
same period of time the radioactive decay de-
creases the activity levels. The net result is that
dry depasition of particles from air burst weap-
ons will not be militarily significant although
there may be some long-term effects, e.g..
thyroid exposures from radioactive iodine. 1f
precipitation occurs in or above the nuclear
cloud, however, there is a possibility that con-
tamination that could be considered militarily
significant may be deposited on the ground as a
racult Af crnvanging of the radioactive particles
by the rain or snow. Precipitation alsc can affect
the fallout from a surface or subsurface burst,
but contamination is expecied from these bursts
with or without precipitation. The primary ef-
fect of precipitation on the contamination re-
sulting from surface or subsurface bursts would
be 10 change the location and shape of the mili-
tarily significant fallout contours. If precipita-
tion scavenges and deposits that portion of the
radioactive debris from surface or subsurface
bursts that would have been delayed fallout
rather than early fallout (see Section [lI,

“RESIDUAL RADIATION,” “FALLOUT™).
the resulting contamination on the ground is not
expected to be militarily significant.

5-27 Precipitation Scavenginglii

- Precipitation scavenging may be Jdivided
into two types: scavenging when the nuclear
cloud i1s within the rain cloud, usually called
rainout or snowout: and scavenging when tae
nuclear cloud is Below the Tauwd (siGa i Sl
usually called washout. Rainout is generzaily con-

sidered 1o he a much more efficient form of

scavenging than washout. but there are many
factors that affect precipitation scavenging and
the ground contamination resulting thercfrom.
These factors are discussed in the succeeding
paragraph.

6-28 Factors Affecting the Prediction of
Ground Contamination from Precipitation
Effects

- The prediction of the contamination pat-
tems that may result from precipitation scav-
enging of air burst nuclear weapons is compli-
cated by many factors. Some of the inportant
factors are discussed below,

® The burst occurs during precipitarion. 1f the
burst occurs during heavy precipitation. or if
heavy precipitation begins at the burst loca-
tion during stabilization time, the pattern will
be rougnly circular around ground zero, and
will be roughly the size of the nuclear cloud
(if the rain cloud extends to distances beyond
the nuclear cloud radius).

® The weapan yield The cloud from low yield
weapons will be completely contained be-
neath the rain layers; as the yield is increased,
the percentage of the nuclear cloud beneath
the rain layer decreases; at a sufficiently high
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yield, “he entire stabilized cloud will be above
the rain l2yers. Specific vields will, of course,
depend upon the height of the rain layer.

The size and shape of the nuclear cloud. If no
precipitation occurs during or very soon after
burst, the nuclear cloud will reach its stabi-
lized aititude. The size and shape of the radio-
active cloud will depend upon the meteoro-
logical conditions after the stabilization time
{Uic oalilization altitudes of both the top
and bottom of the cloud will depend on the
atmosphere within which the explosion oc-
curs, and the position of the stabilized cloud
will depend upon the winds that act on it
during its rise, but these =ffeccs are generally
small compared to the changes in cloud shape
and size after stabilization). In the absence of
precipitation or velocity shear in the wind,

_.the dominant physical phenomena responsible

for reducing the activity concentration in a
nuclear cloud is diffusion produced by turbu-
lent eddies in the atmosphere. Reasonable
estimates of the diffusion in a horizontal
plane exist. Less is known about vertical dif-
fusion; however, unless the vertical diffusion
causes the particles to enter a zone where the
wind speed or direction changes, it will not
affect the horizontal concentration. Changes
in wind speed and direction can have a signifi-
cant effect on the size and shape of the nu-
~lear rland  Rince the particles from an air
burst are so small that they will not actually
“fall,** they will be acted on by winds within
a specific altitude layer. Frequently, several
such [ayers will exist within the thickness of
the cloud at stabilization, each having a dif-
ferent speed and/or direction. Changes in
both speed and direction of the wind.are
likely to occur as a function of time and
space. Since most of the particles within any
one altitude layer will remain in that layer for
long periods of time, differences in wind ve-
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locity (speed and direction) between layers, as
well as changes within a layer, generally will
tend to decrease the horizontal concentration
as viewed from above (exceptions may occur,
of course, e.g., changes in direction may cause
two layer that have separated to overlap after
some time). The net result of all of the factors
acting on the nuclear cloud from a low alti-
tude air burst is that it generally will tend to
increase in size horizontally without drastic
changes in the vertical dimension for rela-
tively long periods of time, unless precipita-
tion scavenging occurs. This increase in hori-
zontal dimensions will decreasz the concentra-
tion of radioactive particles available for
scavenging.

Radiocactive decay. While the nuclear cloud is
drifting, the radioactive isotopes decay con-
tinuously. Thus, the longer the time between
the explosion and the !ime that the nuclear
cloud encounters precipitation, the smaller
the total intensity of radiation that will be
available (sece Problem 5-9 and Figure 5-40).
This, together with the generar decrease in
horizontal concentration d&escribed 2above,
reduces the potential hazard with increasing
time.

The rain cloud size, and the type and during
of the precipitation. If the rain cloud is smal-
ler than the nuclear cloud, only that portion
of the nuclear cloud that is in or below the
rain cloud will be available for scavenging
(any part of the nuclear cloud that is above
the rain cloud is not available, as discussed un-
der the effects of yield above). If the rain
cloud is larger than the nuclear cloud in hori-
zontal dimensions, any portion of the nuclear
cloud that is in or below the rain cloud will be
available for scavenging. The length of time
during which the nuclear cloud is available for
scavenging will depend on the relative direc-
tions and speed of travel of the nuclear and
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rain clouds. The efficiency of the scavenging
grocess will depend on the debris characteris-
tics, scavenging mechanisms, and the iype of
rain. Heavy precipitation generally is consi-
dered to be more efficient in the scavenging
process than light rainfall. Finally, strong up-
drafts and downdrafts of wind are frequently
found around and within 2 rain cloud. These
vertical air motions could prevent the inter-
section of the nuclear cloud and the rain
z12ud. but under some circumstances the air
motions could enchance the mixing of the
two clouds.

The effects of precipitation on the contamina-
tion once it reaches the ground. After radio-
activc particles are brought to the ground by
precipitation, they may or may not stay in
place. There is a possibility that water run-off
will create hot spots in some areas while de-
creasing the activity in other areas. Some of
the radioactive particles may be leached into
the ground and, as a result of the attenuation
by the ground between the particle and the
ground-air surface, the dose rate above the
ground will be reduced.

There are no data concerning precipita-
tion effects where the resulting contamination
was militarily significant. Also, no computer
model has been developed that can include all of
the factors described above either on a determin-
istic or a statistical basis. The results of theoreti-
cal studies, field simulations, and laboratory ex-
periments have, however, provided soms general
conclusions concerning the importance of pre-
cipitation effects, First, contamination resulting
from precipitation scavenging is not considersd
to be a major problem from the standpoint of
effects on military operations. Second, weapons
may be separated into three groups according to
their relative importance with regard to precipi-
tation effects: 1. weapons in the yield range
from 1 to 10 kt are most likely to have an effect
on military operations, if any such effect occurs;
2. weapons with yields greater than 10 kt and
less than about 60 kt may have some effect on
military operations, with the probability of such
an effect decreasing with increasing yield; 3.
weapons with yields greater than 60 kt or less
than 1 kt are noi expected to have any effect on
military operations. The potential hazard may
be reduced by making use of available shelter.
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